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Chapter 1 
Introduction 
Introduction 
Radiotherapy is one of the standard treatments in oncology. In contrast to other 
treatment modalities, radiotherapy offers an individual treatment with a precise 
spatial distribution. In the last decades, the radiation treatment has improved from 
2-D treatment planning based on X-ray films to high precision 3-D delivery 
techniques. This intensity modulating radiotherapy (IMRT) has the purpose to 
increase tumor control probability relative to the complication probability of normal 
tissues. By increasing the dose conformality, the dose to normal tissues is 
reduced or the dose to the tumor can be escalated. However, because the dose 
distribution in the normal tissues in IMRT is highly inhomogeneous, it is difficult to 
judge which dose distribution will give a better result. Normal tissue complication 
(NTCP) models and dose reduction schemes have been developed to predict the 
outcome for normal tissues by reducing the 3-D dose distribution to an effective 
dose, an equivalent uniform dose or an NTCP value. However, most were not 
satisfactory in describing the dose-volume effect and predicting absolute NTCP 
values and gave contradictory results on the dose-volume effect depending on 
the geometrical distribution of the dose. 
To select organs at risk (OARs) and to assess the outlines of tumor tissue, 
computed tomography (CT) and magnetic resonance (MR) images are commonly 
used. Besides anatomical information, functional information can be obtained 
from image modalities, such as, MRI, MRS and PET. The spatial and functional 
information from these modalities can be used to perform biology based image 
guided radiotherapy (IGRT). Moreover, these modalities can be used to monitor 
the effect of treatment as was done in this thesis using diffusion and contrast 
enhanced MRI to assess cellularity and vascularity. Because the reactions of 
tumors and OARs as measured with functional imaging is not clear yet, clinical or 
experimental studies are needed to assess the radiation response of tumors and 
OARs by combining imaging with histology.  
The spinal cord is an important dose-limiting organ in tumors adjacent to the 
spinal column such as head-and-neck tumors. Radiation damage to the spinal 
cord might cause neurological deficits among which paralysis is most devastating 
and feared. Generally, radiation myelopathy is rare and experimental studies are 
used to evaluate the radiation response. Technical developments in IMRT and 
stereotactic irradiations necessitate the assessment of the radiosensitivity of the 
spinal cord due to non-uniform dose distributions.  
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 Radiation myelopathy 
The damage inflicted on the spinal cord by irradiation is mainly restricted to white 
matter. The damage is characterized by white matter necrosis and demyelination, 
but no structural damage is found in grey matter. Three stages in the 
development of radiation myelopathy can be distinguished, that are not 
necessarily associated. The first appears directly after the irradiation and consists 
of reversible blood spinal cord barrier (BSCB) disruption associated with the 
apoptosis of endothelial cells. The second stage is characterized by transient 
demyelination clinically presenting as a Lhermitte’s sign two to four months after 
irradiation. This demyelination might be caused by death of oligodendrocytes. At 
two to four weeks after radiotherapy, the number of oligodendrocyte progenitor 
cells is dramatically reduced. This is followed by regeneration of glial progenitor 
cells, glial proliferation and remyelination (1). The clinically most important and 
irreversible complication appears ~1 year after irradiation, but delays of 3 to 4 
years have been reported (2, 3). The histopathological features are BSCB 
disruption, vasculopathy, demyelination and white matter necrosis. Based on 
these histological findings, a long time debate has been whether the primary 
target cell for white matter necrosis is of vascular or glial origin. Recently, 
selective irradiation of the vascular endothelium in the rat spinal cord was 
achieved by the administration of a boron compound, followed by local irradiation 
with thermal neutrons. Since the blood-brain barrier is not permeable for the 
boron compound, most of the dose is delivered intravascularly. This is reflected 
by a high fraction of surviving glial progenitor cells compared to the irradiation by 
thermal neutrons alone or a boron compound that crosses the blood brain barrier. 
All these experiments were performed at dose levels approximately iso-effective 
for radiation-induced myelopathy as a consequence of white matter necrosis. This 
study suggested a major role for the endothelial cells, because the dose to the 
endothelial cells was directly related to the development of white matter necrosis, 
while the dose to the parenchyma and the glial progenitor survival was not related 
to the response (4). The endothelial reaction might generate altered gene 
expression, neuroinflammation and oxidative stress that contribute to the 
evolution of white matter necrosis (5, 6). 
Volume effect 
The volume effect is defined as the dependency of radiation damage to normal 
tissues on the volume of tissue irradiated (7). Dose-volume models have been 
developed to predict the response of an organ to partial organ irradiations or non-
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uniform dose distributions. The classification is based on the presumed functional 
anatomy of the organ. Organs with identical, independent subunits are classified 
as a parallel organ, while serial organs consist of successive subunits. In these 
two extremes, the maximum dose determines the response in serial organs, while 
the mean dose describes the complication probability of parallel organs. By 
definition, the volume effect in serial organs is low while the volume effect in 
parallel organs is high. Conventionally, the spinal cord has been regarded as a 
serial organ, implying that the radiation tolerance is independent of the volume 
irradiated. Therefore, radiation damage is thought of as transecting the spinal 
cord. Disruption of the elongated structure of longitudinal white matter tracts and 
blood vessels obviously will result in neurological deficits in organs innervated by 
nerves that originate caudal from the injury. 
Figure 1. ED50 as function of irradiated volume of the rat spinal cord. Both irradiations of 
the cervical (8-10) and lumbosacral (11) spinal cord are included. The radiation tolerance 
for field lengths smaller than ~10 mm shows a steep increase. 
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 The definition of the response and the interval between treatment and data 
collection is another aspect that can influence the outcome measured. In spinal 
cord, two endpoints, motor dysfunction and histological changes as 
demyelination, white matter necrosis and vasculopathy have been used. 
Generally, they are consistent, but sometimes small necrotic lesions in spinal-
cord regions do not result in motor dysfunction. In other organs, the volume effect 
is often dependent on the definition of the endpoint. For instance in the lung, the 
early pneumonitic phase and the late fibrotic phase behave differently in response 
to partial irradiations (12). 
The pathogenesis of the volume effect in the spinal cord remains speculative. 
Several theories have been proposed based on the glial and the vascular 
hypotheses, but none of them has been conclusively confirmed. Secondary tissue 
reactions in the non- or low-dose exposed parts might be involved in the volume 
effects. 
The volume effect of organs can be estimated from partial irradiations, where 
a part of the organ receives a homogeneous dose, or irradiations with a non-
uniform dose distribution, that will be discussed in the next sections. 
Partial organ irradiation 
Emami et al estimated the effect on the radiation tolerance of partially irradiated 
organs based on data available in literature and opinions and experience of the 
clinicians. In this report, the spinal cord is regarded as a serial organ (13). 
However, in experimental studies where field lengths smaller than 1 cm of the rat 
spinal cord were irradiated, the assumption of serial behavior of the spinal cord is 
not valid. These small field lengths show a significant increase of the ED50, the 
effective dose that causes complications in 50% of the animals (Figure 1) (8-10).  
In addition to the rat studies, a number of volume studies in larger animals 
have been performed that show mainly serial behavior. No apparent volume 
effect for field lengths of 4, 8 and 20 cm was found in rhesus monkeys (14) and a 
pig study did not detect a volume effect for 2.5, 5 and 10 cm (15). However, for 
beagle dogs, a significant volume effect was found in a fractionated study for 4 
and 20 cm field length (16). 
High precision radiotherapy has revealed for several organs that the radiation 
response can also depend on what part of the organ is irradiated. Organs 
conventionally regarded to be mainly organized as parallel structures, such as the 
parotid gland and the lung, have also been studied with respect to partial organ 
response. Although these organs demonstrate a volume effect, the proportionality 
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is region dependent. The cranial part of parotid gland showed a positive volume 
effect, while the caudal part demonstrated a negative effect (17). The positive 
volume effect of the cranial part has been attributed to secondary damage caused 
by damage to blood vessels, salivary ducts and neurons, while the radiation 
damage of the caudal part is thought to be compensated by the cranial part (18). 
Also partial irradiation of the rat and human lung showed regional differences. In 
humans, a higher incidence for radiation pneumonitis was found for the lower lung 
lobe (19, 20). Also animal studies indicated that the caudal lung regions were 
more radiosensitive (21, 22). In another rat study, it was found that if the dose to 
the heart exceeded 18.5 Gy, the functional reserve of the lung decreased (23). 
This effect is generally not taken into account in the analysis of human studies but 
it could explain the regional differences found in the lung. 
Inhomogeneous irradiations 
The volume studies in spinal cord were mainly aimed at partial volume irradiations 
with small field lengths. With a proton beam directed at one lateral side or the 
central part of the spinal cord, regional differences in radiosensitivity were found 
across the spinal cord (24). This indicates that the dorsal white matter expresses 
different radiation sensitivity than the lateral white matter regions. Dose volume 
models and dose volume histograms (DVHs), commonly used in clinical practice, 
do not account for regional differences.  
Bath and shower effect 
The volume effect for small field lengths can be counteracted if a small dose is 
applied to a larger field enveloping the small-field area. This special case of non-
uniform dose distribution is called the bath and shower (B&S) effect. In the proton 
studies of Bijl et al (25, 26), the B&S effect of a 2-mm, a 4-mm and a 8-mm field 
length surrounded by a 2 cm field at a low dose of 4 Gy caused a substantial 
reduction of the radiation tolerance of 27 Gy, 15 Gy and 2 Gy with respect to the 
small field alone. The effect is also reproduced with photon irradiation in a 4.7 mm 
field length and measured 8 Gy (this thesis chapter 4), although the effect is less 
pronounced probably because of the larger penumbra of the photon beam. 
Modeling volume effect 
The introduction of 3-D treatment planning has generated increasing interest and 
need to evaluate and rank different treatment plans. Therefore, normal tissue 
complication probability (NTCP) models were designed to assess expected 
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 complication rates based on the dose distribution. Many mathematical models 
describing the dose-volume effect have been developed. Roughly, they can be 
divided in empirical or phenomenological models and models based on biological 
features, such as tissue architecture or functional or repair capacity. Some of 
these models intrinsically handle the 3-D non-uniform dose distributions or the  
2-D DVH while others need a reduction method of the DVH to an effective dose or 
an effective volume. The NTCP models can only be effectively used if the model 
parameters are fitted to clinical data and if this fit is evaluated critically. Another 
drawback is that a fitted model cannot be extrapolated without verification to 
conditions that were not accounted for in the model data, such as higher doses or 
smaller volumes. 
Figure 2. Dose volume reduction schemes. Different reduction schemes are depicted, 
showing a representation for a dose-volume constraint (a), an effective dose (b) and an 
effective volume scheme (c). 
DVH reduction method 
If an NTCP model requires a single dose and volume, then the DVH can be 
calculated from the dose distribution and subsequently this DVH can be reduced 
in several ways. The simplest way is to choose a typical threshold dose with the 
corresponding volume (Figure 2a). As an example, the volume that receives less 
than 20 Gy, the V20, is often used for the lung (27). Another straightforward 
parameter for the lung, the mean dose, seems to be correlated with the incidence 
of pneumonitis (28). The DVH can also be replaced by a single dose, the effective 
dose for the entire volume of the organ (Figure 2b). Several methods have been 
proposed to calculate the effective dose. The method proposed by Lyman 
reduces the DVH in n-1 consecutive steps from an n-step DVH into a single 
effective dose (Dn’ = Deff) to the entire organ volume, Vn (29). Further, the widely 
used generalized equivalent uniform dose (EUD) (30) has been proposed which 
is mathematically equivalent to the effective volume model of Kutcher and 
Burman (31) (Figure 2c). In this method, the DVH is reduced to an equivalent 
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partial volume and the maximum dose of the DVH using the volume parameter n. 
The Lyman model in combination with the Kutcher-Burman reduction method is 
known as the LKB model. Several methods have been applied to non-uniform 
dose distributions in the spinal cord and in this thesis the effective volume model 
has been explored (chapter 3) 
Normal tissue complication probability models 
Empirical or phenomenological models 
In the empirical models, the dose-response relationship is assessed by fitting the 
data points to a sigmoidal curve. Lyman proposed to use a probit function (32) 
while Schultheiss introduced a logistic model (33). Both models determine the 
slope and the dose for 50% complication (ED50). The volume effect in the 
Schultheiss model, which originally was developed for the volume data of 
radiation myelopathy in rhesus monkeys, is a two-parameter model and it has 
similar features as the critical element model that will be described in the next 
section. Only the slope parameter and the partial volume are used. Although the 
model was satisfactory for the primate data, it was not if rat data with small field 
lengths were tested. In the Lyman model, the D50 for whole-organ irradiation is 
adjusted using a powerlaw relationship of the partial volume and the volume 
parameter n.  
Tissue architecture and biological models 
Tissue architecture models are based on the assumption that organs are built of 
identical functional subunits (FSUs), introduced by Withers et al (34), that respond 
independently to radiation and are arranged in a parallel, serial or mixed 
geometry. The relative seriality model introduced by Källman et al (35) may be 
considered as a semi-mechanistic model. It is based on a parallel structure of 
FSUs and the response of an FSU is described by Poisson statistics. The volume 
effect is expressed as a seriality parameter that may be considered as the 
reciprocal of the volume parameter of the Lyman model. For serial organs, the 
seriality parameter is close to unity while parallel organs have smaller parameter 
values. Niemierko and Goitein constructed the critical-element model that 
assumes that one damaged FSU results in an organ failure (36). Another similar 
model is the ‘sliced salami model’ of Yaes and Kalend (37). To describe the 
failure of an organ, the critical volume model requires the destruction of m critical 
subunits out of n FSUs (38, 39). A more elaborate model exclusively developed 
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 for spinal cord irradiation and derived from the critical volume model is the 
contiguous damage model (40). This model was developed based on 
experiments showing the response of two field lengths of 4 mm as quite similar to 
one field of 4 mm and very dissimilar to the response of a field length of 8 mm. In 
this model, a continuous number of FSUs has to be damaged to cause organ 
failure. Shirato et al (41) introduced a critical element model that takes into 
account migration. Migration of stem cells is one of the hypotheses of the 
increasing tolerance for small field lengths. A more detailed discussion on both 
the empirical and tissue architecture models is presented in chapter 2. 
MR imaging of the spinal cord 
The development of radiation damage and the radiation response of the rat spinal 
cord are generally assessed by the evaluation of the motor function and histology 
of excised spinal cord. MR imaging gives the opportunity to follow individual 
animals over time. More general in radiotherapy, imaging is important for 
treatment planning and the estimation of tumor response. Because of the rare 
occurrence of radiation myelopathy, only a few clinical reports with a small 
number of patients have been published. Wang et al reported on 10 patients 
irradiated for nasopharyngeal tumors who developed radiation myelopathy (42). 
Furthermore, several case reports on spinal-cord complications of irradiation (42-
44) and one MRI study on accidental over-irradiation (45) have been published. 
Scans obtained within 8 months of the onset of symptoms showed low signal 
intensity on the T1-weighted MR image and high signal intensities on the T2-
weighted images. In about half of the patients, focal enhancement after Gd-DTPA 
administration on T1 weighted images was found. Further, spinal cord swelling or 
atrophy depending on the time between radiotherapy and imaging was reported. 
The dominance of white matter (WM) over grey matter (GM) in radiation lesions is 
reflected in a preferential focal enhancement in WM tracts (42, 44). Besides the 
studies in this thesis (chapter 5 and 6), only one report is published concerning 
experimental MR imaging of the irradiated spinal cord, where two rabbits were 
measured (46). 
MR imaging of animal spinal cord in experimental setup is merely done in 
excised spinal cord to achieve sufficient signal to noise. However, both T2 
relaxation times and apparent diffusion coefficients (ADCs) change ex vivo due to 
changes in oxygenation, permeability and morphologic changes in the axons (47, 
48). During in-vivo measurements respiration motion artifacts, susceptibility 
artifacts due to the bony anatomy of the spinal column and measuring time limited 
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by stable anesthesia have to be dealt with. However, in-vivo imaging is feasible 
by using respiratory gating, using spin echo based sequences, measuring at 7 T 
and using a surface coil to improve signal to noise. Also implantable coils were 
used to increase signal to noise and reduce motion artifacts (49-51). 
Diffusion weighted MR imaging (MRI) is a powerful technique to investigate 
tissue alterations. Since the diffusive motion of water and its restriction by 
barriers, such as membranes, cell organelles and macromolecules, is assessed in 
diffusion weighted imaging, it is sensitive to alterations in cell structure and cell 
density. The value of diffusion weighted imaging was first realized for the early 
detection of ischemic changes in the brain (52). Thus far, only one animal study 
has been reported on diffusion weighted MRI techniques to investigate radiation 
damage in the central nervous system (CNS). This report described the effect of 
radiosurgery in rat brain with T2-weighted MRI, diffusion-weighted MRI and MRS 
techniques (53). Recently, radiation necrosis in human brain has been 
investigated with diffusion weighted MR imaging, but the results were not 
conclusive concerning the value of ADC in distinguishing radiation necrosis from 
tumor regrowth and brain abscesses (54-57). In the following sections, some 
basic principles of MR imaging and the different relaxation mechanisms will be 
discussed. For a more detailed introduction to MR imaging and further reading, 
we refer to various excellent textbooks (58, 59). 
MR imaging, principles 
In MRI, the magnetic properties of protons are exploited. In most applications, this 
involves the two protons of water, a compound abundantly present in the body. 
Protons possess a spin quantum number of ½. When placed in a magnetic field 
the individual spins precess with the Larmor frequency, that is dependent on the 
field strength, around the orientation of the magnetic field. For magnetic 
resonance imaging, field gradients are applied to modify the static external 
magnetic field, so that the actual magnetic field strength is position dependent. 
Therefore, the resonance frequency of the protons slightly shifts and spatial 
information can be reconstructed from the frequency information by using a 
Fourier transformation. The spins can have two orientations with respect to the 
applied magnetic field, parallel and antiparallel that have two orientations with 
slightly different energies proportional to the magnitude of the applied magnetic 
field (B0). The parallel orientation is slightly overpopulated with respect to the anti-
parallel following the Boltzmann distribution. This results in a net magnetic 
moment that is dependent on the magnetic field strength and is oriented along the 
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 magnetic field direction. Transitions between these states can be accomplished 
by applying an additional oscillating magnetic field (B1) perpendicular to the 
direction of the static magnetic field. For example, a 90º radiofrequency pulse 
causes the magnetization to be tilted into the plane perpendicular to B0. This 
results in a magnetization that is constructed of a coherent spin system in the 
transaxial plane. Following this perturbation, relaxation processes take place that 
cause the magnetization to return to its initial equilibrium. The spin-lattice or 
longitudinal relaxation characterized by the T1-relaxation time causes the recovery 
of the magnetization (Mz) along the direction of the external magnetic field. In the 
transverse plane, the spin-spin or transverse relaxation characterized by the T2-
relaxation time causes dephasing and thereby coherence loss of the nuclear spin 
system. This results in an attenuation of the net magnetization (Mxy) in the plane 
perpendicular to B0 direction.  
T2 weighted MR imaging 
T2-relaxation is caused by fluctuating fields associated with molecular motion, the 
spin-spin relaxation. In addition to this intrinsic relaxation, also field 
inhomogeneities cause coherence loss, T2*-relaxation. This dephasing effect can 
be refocused in a spin echo (SE) experiment provided that there is no significant 
diffusion or flow of water molecules through the field gradients. In a SE pulse 
sequence, the magnetization is refocused by an 180º pulse. The Carr-Purcell-
Meiboom-Gill (CPMG) sequence is designed to minimize the effect of diffusion. A 
train of 180º pulses is applied during the echo time instead of a single refocusing 
pulse and each 180º pulse generates an additional echo (60, 61). The magnitudes 
of these echoes show an exponential decay. The spinal cord is surrounded by 
bony structures. Therefore, it is sensitive for susceptibility artifacts that are 
minimized in SE measurements. 
Diffusion weighted MR imaging 
The measurement of water diffusion in tissues provides morphological and 
cellular information on sub-voxel level. The clinically used diffusion weighted 
sequences are sensitive for motion on the scale of 10 µm. This is far below the 
resolution of the images. By including strong pulsed gradients into a standard SE 
sequence around the 180º pulse, the diffusion effects in the signal intensity can be 
emphasized. The signal attenuation is dependent on the strength of the pulsed 
gradients and by choosing different gradient strengths the value of the diffusion 
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coefficient can be calculated form the signal intensities. The signal attenuation 
can be described as: ( )bDSSA −== exp/ 0  
with b defined as ( )3/222 δδγ −∆= Gb  
with S = the actual signal intensity, S0 = the signal intensity without diffusion 
weighting, γ = gyromagnetic ratio, G = magnitude of diffusion-sensitizing 
gradients, D = diffusion coefficient, δ = duration of individual diffusion sensitizing 
gradients and ∆ = the interval between the leading edges of the diffusion 
sensitizing gradients. This is a mono-exponential decay, assuming a 
homogeneous environment for water diffusion. In vivo membranes, myelin sheets 
and cell organelles form barriers that limit free diffusion of water. These barriers 
are not absolute and water can exchange between the intra- and extra-cellular 
space through permeable membranes. Furthermore, displacement of water 
molecules by flow cannot easily be distinguished from diffusive motion. Therefore, 
the measured diffusion coefficient does not simply reflect the diffusion coefficient 
of water and it is referred to as apparent diffusion coefficient (ADC). This ADC 
can be measured in different directions to estimate the anisotropy of water 
diffusion in a tissue. This can be interesting in highly ordered structures like the 
white matter in the spinal cord with axons predominantly oriented in the 
longitudinal, craniocaudal direction.  
Paramagnetic contrast agents 
MR contrast agents work by enhancing the relaxation rate of the proton spin 
systems. Therefore, in addition to the intrinsic tissue contrast, differences in signal 
intensity will occur in tissues dependent on the presence of the contrast agent. 
Thus, the MR contrast agents affect the relaxation rates of protons nearby, but 
the contrast agent itself is not observed as in X-ray imaging. MR contrast agents 
can be divided in different classes according to relaxation effects. Paramagnetic 
contrast agents, such as gadolinium, contain unpaired electrons and mainly 
shorten the T2 and T1 relaxation times of surrounding protons. Because of their 
toxicity, they are contained in water-soluble chelates such as DTPA. This complex 
remains in the extracellular space and does not cross the blood brain barrier. 
Superparamagnetic contrast agents are built of water insoluble iron oxide crystals 
with a diameter of 5-10 nm. This iron crystal is surrounded by a biodegradable 
coating preventing particle aggregation and modifying biodistribution. This class 
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 of MRI agents includes large oral SPIO (300–3500 nm) agents, standard SPIO 
(60–150 nm) agents, USPIO (10–40 nm) agents and monocrystalline iron oxide 
(10–30 nm) nanoparticle (MION) agents. When placed in an external magnetic 
field, a large net magnetic moment of all the iron ions arises. They have high 
relaxivities (r1 and r2), but clinically they are mainly used for the susceptibility 
effect caused by the inhomogeneous distribution of the contrast agent. Large iron 
oxide particles are used for bowel contrast and liver/spleen imaging. Smaller iron 
oxide particles are selected for lymph node imaging, bone marrow imaging, 
because they are internalized by the reticuloendothelial system and phagocytic 
cells (62). They are also used as a blood pool agent with a slow clearance for 
perfusion imaging and for MR angiography. Iron oxide particles for bowel contrast 
are coated with insoluble material, and all iron oxide particles for intravenous 
injection are biodegradable (63). 
Figure 3. Relaxation rate as function of the radius of the perturber, for a SE and GE 
sequence as reported by Boxeramnn et al (66) (TE = 20 ms, D = 2.8 10-9 m2 s-1 and δω2 = 
215 rad s-1). Three different regimes can be distinguished. In the motional averaging 
regime, both the relaxation rates of the SE and GE experiment increase with increasing 
radius length. In the intermediate regime the SE, relaxation rate reaches a peak. The GE 
shows a relaxation rate that is independent of the radius size in the static dephasing regime 
while the SE shows a decreasing relaxation rate with increasing radius size. 
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Susceptibility weighted MR imaging 
As a result of the compartmentalization of the contrast agent in blood vessels or 
cells, a susceptibility effect exists. Tissue compartments containing contrast agent 
cause variations in the local magnetic field, also called internal gradients. In a 
gradient echo (GE) experiment, the relaxation is dependent on the intra-voxel 
field inhomogeneity, while in SE experiments the transverse relaxation is 
governed by diffusion in the magnetic field gradients generated by the 
compartmentalized contrast agent. The relaxation rate in a SE experiment is 
dependent on the concentration of contrast agent, the diameter and configuration 
of the compartment and the echo time. Three different regimes are recognized, 
the motional narrowing, the intermediate and the static dephasing regime. These 
regimes are defined in terms of the diffusive correlation times in the presence of 
the magnetic inhomogeneity, τD, and the variation in Larmor frequency at the 
surface of the field perturber, δω. The time required to diffuse past the perturber, 
τD, can be described as R2/D, where R is the effective radius of the perturber and 
D, the water diffusion coefficient (64). In the motional averaging regime, τDδω<<1, 
the field inhomogeneities are averaged, thus both GE and SE measurements will 
show low relaxation rates. In the static dephasing regime, τDδω>>1, the diffusion is 
assumed to be slow relative to the perturber size (65). Therefore, in the GE 
measurements, the diffusion contribution is neglected and the relaxation rate is 
high and independent of the perturber size. However, in SE measurements, the 
dephasing is less efficient, so the transverse relaxation rate will decrease (Figure 
3). This means that in a GE sequence the contrast is dominated by large vessels 
while a SE sequence is more sensitive to small blood vessels (66). Tropres et al 
have used these properties to estimate the vessel size by combining GE and SE 
measurements (67). In the intermediate regime, the prior mechanisms are 
balanced and the SE relaxation rate peaks. 
Scope of the thesis 
In this thesis, the radiation complications of the rat spinal cord in relation to dose 
distribution are investigated. The description of the volume effect by NTCP 
models for different dose distributions was evaluated and the effect of prolonged 
time intervals between a bath and shower fields was studied. Further, the 
development of radiation injury in the spinal cord was investigated by MR 
imaging. In chapter 2 and 3, dose-volume studies with partial volume and non-
uniform dose distributions were carried out and used to assess the value of 
several NTCP models and categorize the volume behavior of the spinal cord. In 
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 chapter 2, spinal cord field lengths ranging from 5 mm to 4 cm were used. To 
mimic dose distributions clinically more relevant for external beam irradiations 
such as IMRT, we used interstitial brachytherapy with a different number of 
catheters implanted next to the spinal column (chapter 3). The dose distributions 
ranged from a steep dose gradient achieved by a single catheter to a uniform 
dose distribution obtained by a template with six catheters. In chapter 4, the 
effects on the radiosensitivity of a delay between a bath and shower field was 
studied. Further, the development of radiation damage was followed by functional 
MR imaging and validated with histology in chapter 5 and 6. In chapter 5, late 
radiation effects in the rat spinal cord were studied using MR imaging with USPIO 
contrast agent to better understand the development of late radiation damage. In 
addition, the question was raised whether an inflammatory reaction involving 
macrophages could be identified by MR through assessment of macrophages that 
have internalized iron particles in the period prior to the development of 
neurological symptoms. Chapter 6, reports on MR imaging of radiation effects in 
rat spinal cord combining apparent diffusion coefficients and T2 relaxation times 
as function of time. Diffusion-weighted and T2-weighted MR measurements were 
used to examine microscopic tissue changes due to irradiation. The aim was to 
determine whether apparent diffusion coefficients (ADC) are more sensitive to 
radiation induced changes of the spinal cord than the T2 relaxation time. 
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 Abstract 
Purpose: To evaluate models for normal tissue complication probability (NTCP) 
on describing the dose-volume effect in rat thoracolumbar spinal cord. 
Methods and Materials: Single dose irradiation of four field lengths (4, 1.5, 1.0 
and 0.5 cm) was evaluated by the endpoints paresis and white matter necrosis. 
The resulting dose-response data were used to rank phenomenological and 
tissue architecture NTCP models. 
Results: The 0.5 cm field length showed a steep increase in radiation tolerance. 
Statistical analysis of the model fits including evaluation of goodness of fit (GOF) 
and confidence intervals resulted in the rejection of all the models considered. 
Excluding the smallest field length, the Schultheiss (D50=21.5 Gy, k=26.5), the 
relative seriality (D50=21.4 Gy, s=1.6, γ50=6.3) and the critical element 
(D50,FSU=26.6 Gy, γ50,FSU=2.3, n=1.3) model gave the best fit.  
Conclusions: A thorough statistical analysis resulted in a serial or critical-element 
behavior for the field lengths of 1.0 cm and larger. Including the 0.5 cm field 
length, the radiation response markedly diverged from serial properties, but none 
of the models applied acceptably described this dose-response relationship. This 
study suggests that the commonly assumed serial behavior of the spinal cord 
might be valid for daily use in external beam irradiation. 
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 Introduction 
Dose-volume studies of radiation tolerance are of great importance because of 
the increasing clinical use of partial volume irradiation and dose escalation in 
IMRT, 3D dose planning and because of biological optimization in treatment 
planning. For optimal use of these techniques, detailed information on behavior of 
tumors and normal tissues is required, Preferentially, this response to ionizing 
radiation is described in a biomathematical model. A model ideally takes into 
account all the parameters of the treatment plan: physical (dose), geometrical 
(volume and tissue architecture), radiobiological (tissue sensitivity) and temporal 
(dose fractionation) parameters.  
Empirically, dose-response data follow a sigmoid curve, which can be 
mathematically described by the Poisson, the logistic or the probit model. These 
normal tissue complication probability (NTCP) models can be used to estimate 
the radiation tolerance of an organ or a functional subunit of an organ. 
Subsequently, the volume effect is incorporated in the equation by modifying the 
whole organ response or the total and critical number of functional subunits.  
Clinical dose-response data are available for some organs, but for systematic 
dose-volume analysis, animal studies are required. The most extensive 
experimental animal studies on dose-volume relationships were performed in skin 
(1), lung (2-4) and spinal cord (5-13), showing large differences in volume effects 
between different tissues. The definition of volume effect is formulated as the 
effect of changes in treatment volume on the tolerance dose (14), which is 
defined as the biologically iso-effective dose (15).  
Experimental dose-volume data of rat, canine and monkey spinal cord have 
been used in modeling the volume effect (7, 16-21). The first were Yaes et al (17), 
who applied the so-called “sliced salami model” to the rat data of van der Kogel 
(22). In this model, irradiation of a slice smaller than 2.5 mm was assumed not to 
result in myelitis, irrespective of the dose. Later Källman et al (16) constructed the 
relative seriality model and applied this to the iso-effective dose of the dose-
volume data of van der Kogel (2, 4, 10, 15 and 30 mm) (22) and Hopewell et al (4, 
8 and 16 mm) (6) that resulted in a seriality parameter of 0.08, which indicates a 
parallel rather than the commonly assumed serial behavior of the spinal cord. The 
Schultheiss model (23) was used to model the volume effect of the 4, 8 and 16 
cm monkey data (7) and it was applied to the 4 and 20 cm canine volume data by 
Powers et al (9). The dose-response curve of these experimental data was 
steeper than predicted by the Schultheiss model. The canine data were also used 
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 by Stavreva et al to test the critical volume model and the contiguous damage 
model, which fitted equally well (21). Furthermore, Alber et al used these data to 
test their dose volume histogram (DVH) reduction scheme and critical element 
based local damage model, which was designed to be insensitive to scaling 
operations of dose, volume and population averaging (20). Moiseenko et al made 
an attempt to discriminate between the competing models of Schultheiss, Källman 
(the Källman-s and Källman-k model) and Lyman using the Hopewell data (19) 
and found a qualitatively worse fit performed by the Schultheiss model in 
comparison with the others. The parameters resulting from the relative seriality 
and the Lyman model were a small seriality parameter and a high volume 
parameter, respectively, indicative for parallel organs. Although spinal cord data 
were used in all these studies, no quantitative comparative study has been 
carried out to find the best model to describe the dose-response relationship of 
the spinal cord volume effect. 
Since hardly any clinical data are available on radiation complications in the 
human spinal cord and most of the rat studies were performed on the cervical 
spinal cord, experimental external beam irradiation studies in rat thoracolumbar 
spinal cord were performed. Subsequently, several phenomenological and 
mechanistic NTCP models were used to fit the dose-response data.  
The modeling had two objectives. The first was to give an optimum estimate 
of the spinal cord sensitivity to irradiation of small volumes. Secondly, the model 
best fitting the data was sought for. If a model would adequately describe the 
data, this might give insight in the biology of late radiation damage.  
Material and methods 
Animals 
In total 144 young male Wistar rats aged 12-16 weeks and weighing 200-300 g 
were used. The animals were anesthetized by intraperitoneal injection of 
Nembutal (sodium pentobarbital, 30 mg/kg) just before irradiation. 
Irradiation 
Homogeneous external beam irradiation was performed with a linear accelerator 
generating 4 MV photons. Groups of 3 rats were placed in lateral position on a 
wax mould, which was constructed to ensure reproducible positioning and stability 
of the rats before and during irradiation. Four different lengths of the 
thoracolumbar spine were irradiated: 4, 1.5, 1.0 and 0.5 cm. The center of these 
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 fields was chosen at cord levels T12-L2. The remainder of the rats was accurately 
shielded by custom made focused blocks. Prior to irradiation, megavolt portal 
images were taken to verify and if necessary reposition the spinal cord with 
respect to the field. In each experiment 36 or 42 animals distributed over 6-7 dose 
groups were used. Starting from doses of 16 - 20 Gy, dose increments of 2, 3 and 
5 Gy were used for the 4, 1.5, 1.0 and 0.5 cm field lengths, respectively. 
Dose verification 
The dose of all field sizes was verified by thermo luminescent dosimetry with 
probes of 1 mm diameter which were placed in a Masonite phantom. The 
maximum difference in output of three fields of the same length was 5%. 
Additionally, to verify field length and relative output, film dosimetry was 
performed for the four individual beam configurations. The size of the fields of the 
block apertures (= full width half maximum of the optical density profile corrected 
for dose density) were measured for every field separately and the relative output 
for each field of the same length in one configuration was determined. There was 
no significant difference in field sizes of each configuration and relative output 
showed variations within 5%.  
Experimental endpoints: histology and motor function 
Functional and histopathological scores were used as experimental endpoints. 
Changes in neurological status and degree of hind leg paresis were scored as 
reported previously (24). Briefly, a three-grade scale of functional scores was 
used: no, intermediate and complete paresis of the hind limbs. The animals were 
killed humanely after development of paralysis or a maximum follow-up time of 9-
10 months. The thoracolumbar spinal column was dissected and immersed in 4% 
paraformaldehyde. Subsequently, it was decalcified in 10 M formic acid and 0.5 M 
sodium formate in a continuously rotating jar. After dehydration and embedding in 
paraffin, 4 µm transverse slices were prepared from eight to ten blocks of spinal 
cord column at the level of T10-L3 and routine staining with hematoxylin-eosin 
was performed. The histological sections were scored as a responder if they 
exhibited any sign of necrosis in either the white matter or the nerve roots. The 
histological score was correlated with the clinical score of each rat using a 
Spearman’s correlation test and afterwards the definitive score of response was 
determined from both the histological score and the functional score. In case of a 
discrepancy between the two scores, the histological score was decisive in 
determining the definitive response. The reason for using the histological score to 
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 determine the definitive score was to balance the different involvement of the 
thoracic and lumbar region for the various field lengths used. Explicitly, lesions in 
the lumbar region are restricted to the nerve roots, which are clinically less 
noticeable than the white matter necrosis in the thoracic region. Moreover, injuries 
in nerve roots seem to show larger compensatory potential than cord lesions. 
Although the definitive response has been shown not to be dependent on the 
region irradiated, total paralysis due to lumbar irradiation develops slower, less 
abrupt and with a wide range of delays to onset of paralysis (12).  
Statistical analysis, model fitting 
Two different data sets were composed to explore the effect of the small field size 
on the model fits and the fitted parameters. The first consisted of all the dose-
response data, whereas, in the second, the smallest field length, which showed a 
steep decrease in radiation sensitivity, was excluded from data analysis. The 
reason for this was that the pathophysiological mechanism that leads to the 
radiation injury in volumes < 1 cm might be different from the mechanism that 
causes the lesions in fields ≥ 1 cm. Moreover, the question is whether really iso-
effect responses are being evaluated in relation to changing the irradiated 
volume. Therefore, the effect of only including the field lengths ≥ 1 cm was 
studied. The animals were considered to be identical, so that the population 
response of the group animals could be described by the individual response. 
The experimental data were fitted using the maximum log-likelihood function 
(25, 26) for n dose groups with N animals, R responders, NTCP for doses Di and 
model parameters a 
( )( ) ( ) (( )[ ]∑
=
−⋅−+⋅=
n
i
iiiii aDNTCPRNaDNTCPRL
1
,1ln,lnln )  [1] 
and the downhill simplex optimization method of Nelder and Mead (27). Three 
sets of random initial parameter-estimates sets were used to ensure that the 
result was the global optimum and not a local optimum. Furthermore, to assess 
the statistical acceptability of the model fit and to enable comparison of different 
model fits, the goodness of fit (GOF) was computed in two different ways. Firstly, 
the GOF of the models fitted to the data was evaluated using the deviance, 
defined as twice the difference between the current and the full log-likelihood (LL) 
(28).  ( )fc LL −−=∆ 2         [2] 
26 – Chapter 2 
 Where Lc is the LL of the actually fitted model and Lf the LL of the full model, 
which coincides perfectly with the experimental data. Secondly, a Monte Carlo 
(MC) method was used to assess the GOF by calculating the probability of getting 
a worse deviance than the deviance of the fit from 1000 secondary data sets 
derived from the fitted model (27, 29). If the GOF was acceptable (>5%), this was 
followed by the calculation of the parameter confidence intervals (CI) to assess 
parameter reliability and to test whether parameters are strongly correlated, which 
is a criterion for model acceptability. 
Since many of the parameter probability distribution (PD) functions were not 
normally distributed, the CIs could not be calculated by the commonly used 
covariance matrix method (25, 30). Alternatively, the CIs were obtained by 
calculating the multiple-parameter PD followed by the determination of the 95% 
(probit analysis) or 68% (dose-volume models) LL contour (25, 31) and by the 
previously mentioned MC method (27, 29). Briefly, the PD method consists of the 
construction of an n-dimensional grid, where n is the number of model 
parameters. For every parameter, a range of parameter values was determined 
around the fitted parameter value. Subsequently, Eq. 1 was used to calculate the 
log-likelihood for every grid point and thus for every combination of parameter 
values. This log-likelihood space was transformed into a ∆ln(L) = ln(L)-ln(Lmax) 
space, where Lmax is the maximum likelihood and thus the likelihood of the best fit 
(Figure 1). In this ∆ln(L) space the multidimensional contour with the value 
belonging to the desired confidence region (CR) and dependent on the number of 
parameters was determined. The projection of these confidence regions on a two-
dimensional plane was used to visually check for correlations between the 
parameters and for possible presence of local minima. The CIs were calculated 
from the individual parameter PD, which was constructed by projection of all the 
parameter probabilities onto the parameter axis of consideration. In order to 
optimize calculation time the PD had to be constructed in an acceptable 
parameter range and with acceptable distance between the grid points, which 
was defined as a change of less than 1% when the parameter ranges or the 
number of grid points were doubled.  
The CI deducted from the MC method were simply calculated from the 
standard deviation of the parameters obtained by fitting the 1000 datasets 
generated.  
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 Figure 1. Parameter probability distribution displayed as a log-likelihood (left) surface 
plot for the 1.5 cm data. The contour lines indicate the 68.3%, 90.0%, 95.4%, 99.0%, 
99.73% and 99.99% contour lines of the two dimensional confidence regions. 
NTCP Models 
Probit analysis 
A probit analysis was performed on the dose-volume curves for the individual field 
lengths with a logarithmic transformation of the dose using a maximum likelihood 
fit (32). 
28 – Chapter 2 
 Phenomenological models 
The approach used in phenomenological models can be divided in two steps. 
Firstly, the sigmoid dose-response relationship for the entire organ is described 
by a probit, logit or Poisson model. Secondly, the dose-response function is 
modified for partial organ irradiation, generally using a volume parameter (Table 
1). 
Schultheiss model 
Probably the first model in this category has been proposed by Schultheiss using 
a logistic function for the dose-response relationship. The dose-response 
relationship of the reference volume may be regarded as a serial or a critical 
element model (Table 1). The volume effect is based on the slope parameter k 
and the powerlaw relationship using the partial volume as volume parameter (23). 
Lyman model 
The Lyman model is based on the probit model to describe the dose-response 
relationship of the entire organ. The effect of partial volume irradiation is taken 
into account by a powerlaw function with volume parameter n which adjusts the 
50% iso-effective dose of entire organ (ED50) (Table 1) (33). Partial volume (v) 
irradiation results in an upward shift of the mean (D50(v) = D50(1)v-n) and an 
increase of the variance of the cumulative normal distribution (m D50(v)) and thus 
a shallower response curve. The extent of the upward shift of the ED50 and the 
decrease of the slope depend on the value of the volume parameter n which can 
be interpreted as a reciprocal seriality parameter by analogy with the relative 
seriality model of Källman et al (16), which will be discussed in the next section. 
Tissue architecture models 
Relative seriality model 
The relative seriality model introduced by Källman et al (16) may be considered 
as a semi-mechanistic model. Specifically, the organ is divided in a number of 
parallel structures (n), which are equally affected and respond independently. 
Their complication probability is described by Poisson statistics, which means that 
the parallel structures can be fully repopulated by a single surviving stem cell in 
correspondence with the functional subunits of the biologically based FSU models 
(34). The volume effect is expressed in the seriality parameter which is defined as 
s=n-1 and may be regarded as the reciprocal of the number of the parallel 
subunits, which have to be destroyed to damage the organ (Table 1). This means 
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 that a serial organ (s=1) conceptually consists of one fiber and a parallel organ  
(s << 1) is composed of multiple parallel fibers. 
FSU based models 
The idea of using functional subunits (FSU) as a basic element of organs to 
model tissue damage has been introduced first by Wolbarst et al in the critical 
voxel model (35) and has subsequently been elaborated by Withers et al in terms 
of spatial distribution of FSUs (14). The publication of Withers et al stimulated the 
development of biologically based models, all addressing tissue architecture and 
organizational as well as biological dose-response characteristics, which resulted 
in the critical element and the critical volume model (36-39). These models may 
be regarded as built of two levels. The first level described the response of an 
individual FSU (PFSU) consisting of N0 cells as a single hit model based on the 
individual stem cell survival in a single dose experiment.  ( 01 NDFSU eP α−−= )        [3] 
The second relates the independent, single FSU response to organ failure by 
binomial or Gaussian statistics, assuming critical-element or critical-volume 
behavior based on tissue architecture.  
To remove the dominant correlation between the radiosenstivity, α, and N0, 
the FSU-response function can be reparameterized with the parameter Ds, which 
is the dose in the bending point of the FSU-response curve (at NTCP=e-1), and 
the slope parameter m in dose point Ds. The effect is that the correlation between 
α and N0 decreases, because a large number of combinations of α and N0 result 
in the same Ds (40). 
)ln(1 0NDs α=         [4] 
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Another approach to eliminate the parameter correlation was to describe the 
response of the functional subunit by the Poisson model as proposed by Källman 
et al (41) and reparameterized for D50 and γ50, the normalized slope (32). This 
approximation results in slightly higher response levels in the low response region 
than the single hit or the previous reparameterization. 
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 Critical volume and critical element models 
In the standard critical volume model, the organ is considered to be constructed 
of a number of FSUs (n). More than the critical number of these subunits (m) has 
to be destroyed to cause organ failure. Mathematically this can be described as a 
cumulative binomial distribution (36, 38): 
( inFSUiFSUn
mi
i
nFSU PPBPmnNTCP
−
+=
−= ∑ 1),,(
1
)     [7] 
where Bni are the binomial coefficients and PFSU the probability for subunit injury. 
A special case for m equals zero is called the critical element model, which 
resembles the Schultheiss model (23). 
( )nFSUFSU PPmnNTCP −−== 11),0,(      [8] 
Shirato model 
Shirato et al added a migration term to a critical element model (Eq. 7) to account 
for stem cell migration from outside the subunit (18). The probability of no 
surviving cells (1-S) was adjusted for migration (1-Sr), where Sr was supposed to 
be proportional to the number of surviving cells, because it was assumed to be 
dependent on growth factors or cytokines produced by the surviving cells. It was 
assumed that the critical subunit was capable of being regenerated from one 
stem cell, while the critical subunit contained N0 stem cells. The surviving fraction 
(S) was based on the single hit model with radiosensitivity α, which could be 
reparameterized according to Eq. 4 and 5. Further, the model was adjusted by 
defining the number of subunits by the subunit length (L_CS) rather than by the 
number of subunits, because otherwise the subunit length would be dependent on 
the field length. 
( )( )[ ]( ) CSL LNrSSNTCP _01111 −−−−=      [9] 
Contiguous damage model 
Recently, two adaptations of the critical volume model were made by Stavreva et 
al (21). Firstly, the response of fibers has been added as an additional level in the 
organ structure between the FSU and the entire organ. This means that an organ, 
which consists of a number of fibers (N), is assumed to be damaged if more than 
a critical number of fibers (M) fail. According to the critical volume model (Eq. 7), 
this can be mathematically described as: 
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Secondly, information about spatial distribution of FSUs in these fibers was 
implemented on fiber level by assuming that fiber damage develops if a critical 
number of adjacent FSUs (m) out of the total number of fiber FSUs (n) are 
destroyed. For this the binomial response of a critical number of FSUs was 
replaced by the binomial response of contiguous FSUs. The probability of 
destroying a fiber can be described by the following equation: 
( ) imnFSUimFSUi mnFSUfiber PPAPmnP −−−++ −=∑ 11, 1),,(    [11] 
where Ain,m represents the number of ways in which m+1+i out of n elements can 
be arranged so that at least m+1 of them are contiguous (21). 
Results 
Histology 
To determine the response, the histopathological damage in the irradiated part of 
the spinal cord was scored and compared with the motor function of the hind legs. 
The Spearman’s rank test resulted in a correlation coefficient of 0.76 (significant 
at the 0.01 level), which strongly suggests a correlation between histological 
damage and functional impairment. None of the animals died before the follow up 
was completed and only one animal was excluded from analysis because there 
were no signs of radiation injury in the spinal cord or bone marrow which was 
attributed to inadequate positioning. Moreover, out of 126 histologically scored 
animals, the histopathology of 23 animals with an intermediate clinical  
score was decisive to score them as responders. The clinical and the definitive 
responders are shown in Table 2. 
Due to difficult positioning of the rats on a clinical linear accelerator some 
variation in target region was observed. The thoracic region (thoracic 12/13) was 
more involved in the 0.5 cm group and the higher dose groups of the 1.5 cm 
group and the lesions in these groups were restricted to the cord region. The 
lesions found in the 4 cm and 1 cm group were in all but four limited to the nerve 
root in the lumbar region (lumbar 1/3). The total number of histological responders 
was 59, which could be divided in two groups. First, the animals which were 
irradiated on the low thoracic region (28 rats) and second, the animals with 
irradiated nerve root in the more caudal region (35 rats). Four animals had both 
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 nerve-root and cord lesions. Of the 23 animals with intermediate score, 19 
belonged to the group which was irradiated on the lumbar region, while only 4 
animals belonged to the animals which were irradiated on the thoracic region. So, 
nerve-root necrosis seemed to have a less pronounced neurological effect than 
thoracic white matter necrosis. Of the 23 (out of 126) animals with an intermediate 
score, 15 were assigned to the responders and the rest as non-responders based 
on histology. 
Table 2. Dose-response data of four field-length groups  
Field length 
[cm] 
Dose 
[Gy] 
No. irradiated 
animals 
No. clinical 
responders 
No. definitive 
responders 
18.0 6 0 0 
20.0 6 0 0 
22.0 6 2 3 
24.0 6 3 6 
4.0 
26.0 6 6 6 
17.9 6 0 0 
19.6 6 0 1 
22.3 6 0 4 
25.0 6 4 4 
28.6 6 5 6 
32.2 6 6 6 
1.5 
35.7 6 6 6 
18.2 6 0 0 
21.8 6 0 1 
25.5 6 0 4 
29.1 6 1 4 
32.8 5 3 5 
1.0 
36.4 6 3 6 
23.5 6 0 0 
28.2 6 0 0 
32.8 6 0 0 
37.5 6 0 1 
42.2 6 0 2 
0.5 
46.9 6 6 6 
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 Figure 2. Transverse sections of rat cervical cord after irradiation of the 0.5 cm field 
length irradiated with a dose of 46.9 Gy (a) and the 4 cm field length with a dose of 26.0 
Gy (b) both illustrating white matter necrosis in the ventrolateral region (arrow 1). The 
small field length (a) shows more widespread lesions than the 4 cm field length and 
additional lesions in the dorsal region, while the pyramidal tract remained unaffected 
(arrow 2) (Luxol fast blue stain for myelin, x100 magnification). 
The radiation induced lesions seen in the spinal cord and the surrounding 
tissues varied with the dose delivered and the length of the cord irradiated. For 
the lower doses in the different field-length groups, the multifocal demyelination or 
white matter necrosis showed some predominance in the dorsal roots and 
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 ventrolateral white matter. In contrast, in the higher dose groups, multifocal 
lesions and larger necrotic areas developed, which increased with the absolute 
dose delivered. Since the 0.5 cm field length was irradiated to the highest dose, it 
was in these sections that the most severe and widespread lesions appeared. 
Remarkably, the pyramidal tracts were never involved even after irradiation with 
doses up to 47 Gy (Figure 2). 
Figure 3. Dose-response curves of the 4.0 cm (+), 1.5 cm (∗), 1.0 cm (◊) and 0.5 cm (∆) 
field length. The individual dose-response curves were fitted using a probit analysis. 
Dose-response analysis 
The probit analysis of the dose-response curves (Figure 3) of the different volume 
groups resulted in acceptable GOF for all field lengths (Table 3). The tolerance 
doses tended to shift to a higher value, if the field length was reduced with a 
significant shift of the 0.5 cm field length to 41.9 Gy [39.8-44.5] (Table 4). The 
other feature of the dose-response curves is the slope, which was very steep in 
the 4 cm curve and decreased with reduction of the field length except for the 
smallest field, which showed no further decrease in slope. However, due to the 
very steep slope of the 4 cm dose-response curve together with only one 
intermediate response point, this slope parameter had a large confidence interval 
and therefore, there was no significant difference. 
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 The MC method resulted in a larger CI for the parameter γ than the PD 
method. Conversely, the CI of the D50 parameter calculated with the PD method 
was larger than that with the MC method. 
Table 3. Deviance and GOF calculated with a Monte Carlo method of the 
individual dose-response curves. All the fits showed acceptable GOF. 
Field length Deviance GOF (MC) 
4.0 cm <1 68% 
1.5 cm 2.3 49% 
1.0 cm 2.1 48% 
0.5 cm 2.4 9% 
NTCP modeling 
The fitted dose-response curves together with the experimental data are shown in 
figure 4. For clarity, the model fits were divided in two major groups. First the 
serial and critical element-like fits and second the parallel fits. In vertical direction, 
the models are arranged in increasing complexity and number of parameters. In 
more detail, the dashed line connecting the Schultheiss, relative seriality, critical 
element and contiguous damage model indicates that these models shared 
critical element or serial properties, which are inherent to the Schultheiss and 
critical element model or were the result of the fit for the relative seriality model 
and the contiguous damage model. 
The result of the fit of the Shirato model, which is a critical element model 
modified on subunit level for migration is shown at the lower left corner of figure 4 
and in Table 5. Second, the dashed dotted line indicates that these fits of the 
Lyman and contiguous damage model both gave a comparable solution of a few 
parallel fibers with serial properties on fiber level. Thus, the fit of the contiguous 
damage model resulted in two solutions on opposite sides of the spectrum. The 
first result was an organ with very few parallel fibers with serial features on fiber 
level like the relative seriality model, whereas the other was serial on organ and 
parallel on fiber level and shared features with the LKB model, which is 
constructed similarly. It is obvious that most of the fits were not satisfactory, which 
will be quantified as a goodness of fit in the next section. For the data set without 
the 0.5 cm field length, all the model fits pointed towards critical element  
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 (Schultheiss, critical element) or serial properties (relative seriality, Lyman) of the 
dose-response data (Table 6). 
Table 4. The mean values and the CI of the parameters for the Schultheiss, 
Relative Seriality, critical Element en Lyman model fitted to the response 
data of field lengths 1 cm, 1.5 cm and 4 cm. The mean and the 68% CI of 
both the parameter probability distribution method (PD) and the Monte 
Carlo method (MC) are presented. 
model parameter Mean 
MLE 
Lower 
iso lnL 
68% CI* 
Upper 
iso lnL 
68% CI* 
Mean 
MC 
0.5*Stdev 
MC 
D50 [Gy] 21.5 21.2 21.9 21.5 0.2 Schultheiss 
k [a.u.] 26.5 22.0 32.0 29.4 3.2 
γ [a.u.] 6.3 4.1 6.5 7.0 1.1 
D50 [Gy] 21.4 21.2 22.1 21.4 0.3 
relative 
seriality 
s [a.u.] 1.6 0.9 3.6 2.7 2.5 
D50,FSU [Gy] 26.6 25.7 27.3 26.5 0.4 
γ50,FSU [a.u.] 2.3 2.0 2.6 2.5 0.2 
critical 
element 
n [a.u.] 1.3 1.0 2.0 1.4 0.1 
D50 [Gy] 21.5 20.8 22.2 21.6 0.4 
m [a.u.] 0.12 0.11 0.15 0.12 0.01 
Lyman 
n [a.u.] 0.10 0.06 0.13 0.10 0.02 
Table 5. The mean value and the CI of the parameters for the Shirato model 
fitted to the response data of field lengths 0.5 cm, 1 cm, 1.5 cm and 4 cm. 
The mean of both the maximum likelihood estimation (MLE) and the Monte 
Carlo method (MC) and the 68% CI of the MC method are presented. 
model parameter Mean MLE Mean MC 0.5 *Stdev MC 
Shirato Ds [Gy] 24.0 24.6 1.7 
 m [Gy-1] 0.1 0.3 0.2 
 I [a.u.] 0.8 3.1 2.8 
 L_CS [cm] 0.6 2.6 2.4 
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 Table 6. The mean values and the CI of the parameters for the probit 
analysis fitted to the response data of the individual field lengths. The mean 
and the 68% CI of both the parameter probability distribution method (PD) 
and the Monte Carlo method (MC) are presented. 
 D50 [Gy] γ50 [a.u.] 
Field 
length 
[cm] 
Mean 
MLE 
Lower 
-2 iso 
lnL 
Upper 
-2 iso 
lnL 
Mean 
MC 
2* 
Stdev 
MC 
Mean 
MLE 
Lower 
-2 iso 
lnL 
Upper 
-2 iso 
lnL 
Mean 
MC 
2* 
Stdev 
MC 
4.0 22.0 21.8 22.2 22.0 0.5 24.7 4.2 2500 25.2 10.6 
1.5 22.3 20.7 23.9 22.3 1.6 3.2 1.6 5.2 5.0 10.2 
1.0 25.2 23.0 27.5 25.3 2.3 2.7 1.3 4.3 4.1 8.0 
0.5 41.9 39.8 44.5 42.0 2.4 4.9 1.9 8.5 10.1 17.2 
 
Goodness of fit 
The deviance and the GOF calculated for all the different phenomenological and 
tissue architecture models revealed that only the Shirato model showed a GOF of 
higher than 5% (Table 7).  
Obviously, the GOF of the data analysis without the 0.5 cm field length data 
resulted in better fit values. All the fits were acceptable, but the Schultheiss model 
and the relative seriality model gave the best results (Table 8). 
Table 7. Deviance and goodness of fit for all the dose-volume data. 
model deviance GOF (Monte Carlo) 
Shirato 16 18% 
contiguous damage 42 <0.1% 
critical volume 44 <0.1% 
relative seriality 45 <0.1% 
Schultheiss 55 <0.1% 
Lyman 63 <0.1% 
critical element 64 <0.1% 
 
40 – Chapter 2 
  Table 8. Deviance and goodness of fit for the dose-volume data of field 
lengths of 1 cm, 1.5 cm and 4 cm. 
model deviance GOF (Monte Carlo) 
Shirato 10 29% 
Schultheiss 11 50% 
relative seriality 11 43% 
critical element 12 41% 
critical volume 13 19% 
contiguous damage 14 26% 
Lyman 16 13% 
Confidence intervals 
To determine the confidence limits and the correlations between parameters, the 
68% CI was calculated for the models with the best GOF for both the entire data 
set and the data set without the small field data (Table 7 and 8). Generally, the 
MC simulations gave a smaller CI than the PD method (Table 8). Even after 
replacement of the correlated parameters k and α the radiosensitivity parameter 
of the single hit model in the Shirato model, the parameter PD of the Shirato 
model showed a very high correlation between the dose at the bending point (Ds) 
and functional subunit length (L_CS).This made the calculation of the CIs from 
the parameter PD impossible and inappropriate and suggests that these 
parameters cannot be determined uniquely with this data set.  
For the data set without the 0.5 cm field length, which showed critical element 
or serial properties, the PD method showed asymmetric CIs for both the 
Schultheiss and the relative seriality model (Figure 5, Table 8). The critical 
element model showed very high correlation between the number of subunits and 
the slope parameter of the response function of the subunit. This correlation was 
removed by replacing the subunit response function by the Poisson 
approximation of Källman (Eq. 6) (41). Similarly, the critical volume and the 
Shirato model showed high correlation between parameters even after 
reparameterization. 
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 Figure 5. Two-dimensional confidence region calculated for the relative seriality model 
calculated from the ln(Likelihood) iso contour for the 68% confidence interval. The 68% 
confidence region was calculated for the three dimensional parameter probability space 
(dotted line), the two-dimensional parameter probability space (solid line) after projection 
of the three-dimensional parameter space into a two-dimensional space. Further, the 68% 
confidence interval for a one dimensional parameter probability line is calculated (dashed 
line). The asterisk depicts the optimal value fitted by maximum likelihood estimation. 
Discussion 
In this study, the radiation sensitivity for single dose irradiation of small field 
lengths of spinal cord was estimated. Moreover, several recently developed 
NTCP models were evaluated in their ability to adequately describe the dose-
volume effect in rat spinal cord.  
Histological response versus clinical response 
To balance for thoracic and lumbar involvement of the spinal cord, the histological 
response was chosen as definitive response. Nevertheless, the analysis was also 
performed for the clinical response data. The only significant difference in ED50 
was for the 1-cm group, which showed an increase in radiation tolerance to 34.4 
Gy [95% CI: 31.3 - 39.6]. None of the NTCP models showed an acceptable fit of 
all the field lengths, which is comparable with the result for the histological 
response.  
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 Dose-response analysis and clinical implications 
This study clearly showed an increased radiation tolerance with reduction of the 
field length of the thoracolumbar spinal cord to field lengths smaller than 1.0 cm 
and solely based on the clinical response, field lengths smaller than 1.5 cm. This 
is in agreement with the results of previous publications on cervical spinal cord, 
although the endpoints in the present study was white matter and nerve root 
necrosis, while in the cervical studies exclusively white matter necrosis is used as 
an endpoint and nerve root necrosis is absent (6, 11, 13). A second effect of 
reducing the field length, which has also been shown by other authors (8, 11), 
was the decrease in slope of the dose-response curve without a significant 
increase of the ED50 when reducing the field length from 4.0 to 1.0 cm. This might 
be a reason to be even more cautious in a clinical situation where a large field 
length of the spinal cord has to be irradiated to a high dose. The translation of 
volume effects to the clinical situation raises questions whether they are 
dependent on the absolute or the relative length of irradiated spinal cord. The 
sparse experimental data on pigs and monkeys suggest that these larger animals 
do not show a pronounced shift in the ED50 to higher dose in field lengths smaller 
than 2.5 cm, which might imply that the threshold field length is absolute and not 
relative (7, 8). Consequently, this decrease in radiation sensitivity in human spinal 
cord would play a role in field lengths so small that they may not be clinically 
relevant in external beam irradiation, even not in IMRT and possibly only in 
stereotactic application of very small fields. Conversely, Powers et al showed that 
a volume effect was present in dogs comparing 4 cm and 20 cm lengths. This 
deviant behavior could be due to species specific properties, to a different 
definition of endpoints, the fractionated design or to the choice of target field in 
the thoracic instead of the commonly used cervical or lumbar spinal cord. 
Specifically, in rat, monkey and pig spinal cord, white matter necrosis was the 
endpoint, while in the canine study, a combination of white matter necrosis, 
massive hemorrhage and parenchymal atrophy was used (9). This suggests that 
the endpoints used in the canine study were a mixture of late delayed (vascular 
abnormalities) and early delayed radiation damage (white matter necrosis), while 
the other studies focused on early delayed radiation damage. However, this 
would not explain the larger volume effect, since Hopewell showed that the 
volume effect of white matter necrosis is larger than that of gross vascular 
damage (6). Further, Powers et al showed in a previous fractionated dose-
response study (10) that from the animals which had to be euthanized before 1 
year all but one had white matter necrosis in combination with massive 
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 hemorrhage. Only one animal with a massive hemorrhage was followed until 1 
year and none of the animals with a follow-up of 2 years had white matter 
necrosis or massive hemorrhages. The resulting latent period in months was 6.9 
[2-12], which is similar to the latent period for white matter necrosis in rat spinal 
cord, but not for massive hemorrhages, which commonly appear after a delay of 
more than a year (12). In the canine volume study (9), the simultaneous 
appearance of white matter necrosis and massive hemorrhages in a relatively 
early stage was less clear, because lesions in the small field length resulted in 
less pronounced neurological signs, so the animals were followed for a longer 
time period. In humans only limited data are available and histological 
examination is only possible after death, so after a long follow up. However, the 
human data collected by Schultheiss et al showed a bimodal course with one 
peak at 12-14 months and another at 24-28 months for both cervical and thoracic 
region (42). This was interpreted as white matter necrosis and vasculopathy, 
respectively. This would suggest that the development of spinal cord lesions in 
humans is comparable with rats. Additionally, the thoracic localization of the 
irradiated field could be of influence. Impaired motor function caused by radiation 
damage in the thoracic spinal cord could result from lesions affecting local nerve 
roots or long tracts. The thoracic nerve roots do not innervate any limb muscles, 
but only trunk, abdominal and thoracic muscles. They have extensive possibilities 
for compensation especially in a small irradiated volume, while disruption of the 
long tracts may result in limb paresis. However, this only explains the difference 
between the functional and the pathohistological response, but not the shift of the 
dose-response curve to higher dose. The redundant vascular supply of the 
thoracic spinal cord could play a role as well, because compensatory or collateral 
supply could compensate for damage in some vessels in the small field. Another 
feature of the canine study is the fractionated design. Most of the dose-volume 
studies were performed as single dose experiments. Only two volume studies are 
available with a fractionated design: the canine study and the Rhesus monkey 
study (7). In contrast to the canine study, the Rhesus monkey data showed no 
pronounced volume effect. The absolute differences in doses could play a role 
because they are larger than in a single dose experiment, which could amplify an 
effect. Thus, the influence of the fractionated design of this study is not clear. 
Therefore, the most obvious explanation for the results of the canine study is that 
it is species specific. In addition, the fractionated design of the canine study made 
it more sensitive to changes in ED50 and the redundant vascular supply might play 
a role. 
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 NTCP modeling and clinical implications 
Several phenomenological and tissue architecture NTCP models were fitted to 
the experimental dose-volume data for estimation of the spinal cord sensitivity to 
irradiation of small volumes and for seeking the best fitting model. Both the 
traditional phenomenological and tissue architecture models were not able to 
describe the present dose-response data properly. Previous publications reported 
that the critical element based models of Schultheiss, Yaes and Niemierko (17, 
23, 37) showed a good fit of the iso-effective dose. However, they did not perform 
the fit on the entire set of dose-response curves of the different volumes. Besides, 
the general view of spinal cord behavior in dose-volume relationships is that of a 
serial organ, while the seriality coefficient calculated by Källman fitting the ED50 of 
the data of van der Kogel and Hopewell (6, 12) was 0.08 (16). This would imply 
that the organ is not serial at all if small field lengths are included. 
Shirato included a migration term in the critical element model, which is not a 
real migration term because it equally affects every subunit regardless of whether 
it is situated at the border or in the middle of an irradiated field. Nevertheless, this 
modified critical element model gave the best fit result, but it should be regarded 
as an empirical model and the fitted parameters have no direct biological 
meaning. However, the PD calculation showed a strong correlation between the 
parameters, which was consistent even after reparameterization. This implies that 
the model was not an appropriate description of the data, because the 
parameters could not be obtained uniquely; therefore, this model was rejected as 
well. 
Excluding the 0.5 cm field length, the Schultheiss and the relative seriality 
model with a high seriality parameter gave the best fit results. If the response was 
solely based on the clinical response, the two largest radiation field lengths (4 and 
1.5 cm) exhibited serial behavior. This confirms the common view that the 
response of the larger field lengths can be described well by a critical element or 
a serial model, which have comparable properties.  
Although the Shirato model gave a slightly better deviance than the 
Schultheiss and the relative seriality model, the goodness of fit calculated by the 
MC method was lower, which has been interpreted as being the result of the 
additional parameters. Besides, a high correlation between the parameters in the 
critical volume and the Shirato model was found, which could also be attributed to 
the large number of parameters. 
In summary, this implies that for clinical applications a model with a low 
number of parameters, such as the relative seriality model or the Lyman model 
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 will be the best choice with a high slope parameter and a serial volume 
parameter. However, it should be stressed that these conclusions are solely 
applicable to situations which are comparable to the data used in this study and 
cannot be directly extrapolated to heterogeneous dose distributions or 
fractionated data. 
Modeling statistics 
Goodness of fit 
Two methods for GOF were used to assess the acceptability of the fit. The 
difference between the two is that the MC method intrinsically takes into account 
the number of parameters used to fit the data, because every simulated data set 
is fitted with the entire parameter set. If the deviance could be approximated as a 
chi-squared distribution, the determination of GOF from the deviance would be 
straightforward. However, since dose-response data are binomial data of a small 
number of data groups and individuals in the groups, this approximation may not 
be valid (28). Therefore, the deviance could only be used to determine the 
deviation between the calculated and fitted data. For this reason the MC GOF 
was preferably used as the decisive GOF. 
Confidence intervals 
The MC method generally resulted in smaller CIs than the PD method. However, 
the PD method provides the real CI for the model with the experimental data, 
whereas the MC method is based on the assumption that the fitted parameters 
are the true parameters. Moreover, the MC model does not give any information 
on non-elliptical shape and asymmetry of CIs, whereas the PD method provides 
information on both shape and parameter correlations, which lead to very large 
errors on the parameter estimates. Therefore, the PD CI method gives additional 
and more accurate information on the fit. Unfortunately, for models with a large 
number of parameters, the procedure is elaborate and time consuming. 
Conclusions 
The present single dose-response study for different field lengths of the 
thoracolumbar spinal cord showed a large increase in radiation tolerance for the 
0.5 cm field length. The radiation tolerance of the 1.0 cm and 1.5 cm field length 
did not increase significantly. The NTCP modeling of the dose-response data 
resulted in a serial or critical element behavior of the irradiated 1.0 cm and larger 
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 field lengths. This could be best described with a model with a limited number of 
parameters, like the commonly used relative seriality model or Lyman model. 
Adding the 0.5 cm field length in the dataset, the radiation response markedly 
diverged from serial or critical element properties, but none of the applied models 
acceptably described this dose-response relationship. Consequently, the 
available models do not allow an indication of the pathophysiological mechanism 
of the steep decrease of radiation sensitivity of the small field length.  
In conclusion, this study suggests that the common assumption that the 
spinal cord is a serial organ might be valid for daily clinical use and that relatively 
simple models such as the relative seriality model or the Lyman model with serial 
parameters for the volume effect and high slope parameters acceptably describe 
dose-response data of the spinal cord. Caution should be taken in extrapolating 
these conclusions to cases which were not taken into account in this dose-
response data set, such as heterogeneous dose distributions and fractionated 
treatment regimens. 
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Abstract 
Purpose: To investigate dose-volume effects in rat spinal cord irradiated with non-
uniform dose distributions and to assess regional differences in radiosensitivity. 
Methods and Materials: 106 rats divided in three groups were irradiated with  
192Ir-γ-rays at high dose rate. The groups were irradiated with one, two or six 
catheters distributed around the thoracolumbar spinal cord to create different 
dose distributions. After irradiation, the animals were tested for motor function for 
9 months. The response was defined as motor dysfunction and white matter or 
nerve root necrosis. Dose-response data were analyzed with a probit analysis as 
function of the dose level at a percentage of the volume (D%) and with different 
NTCP models. Additionally, the histological response of the individual dose voxels 
were analyzed after registration with the histological sections. 
Results: The probit analysis at D24 (24% of the volume) gave the best fit results. 
Also the Lyman Kutcher Burman model and the relative seriality model showed 
acceptable fits with volume parameters of 0.17 and 0.53, respectively. The 
histology based analysis revealed a lower radiosensitivity for the dorsal 
(ED50=32.3 Gy) and lateral white matter (ED50=33.7 Gy) compared to the dorsal 
(ED50=25.9 Gy) and ventral nerve roots (ED50=24.1 Gy). 
Conclusions: For this non-uniform irradiation, the spinal cord did not show typical 
serial behavior. No migration terms were needed for an acceptable fit of the dose 
response curves. A higher radiosensitivity for the lumbar nerve roots than for the 
thoracic white matter was found. 
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Introduction 
The spinal cord is an important dose limiting organ in radiation treatment of 
tumors. Since complications are rare, the knowledge about radiation effects in the 
human spinal cord is based on reports of accidental over-dosing or case studies 
of occasional high sensitivity to ionizing radiation. Sustained radiation injury can 
result in sensory and motor impairments in the regions distal to the lesion 
resulting from white matter (WM) necrosis (~1 year post-irradiation) or 
vasculopathy with hemorrhages (~2 years post-irradiation) (1). Experimental 
dose-response data were collected to describe the radiation sensitivity of the 
spinal cord with respect to volume effects of rat (2, 3), pig (4) and monkey (5) 
spinal cord. In rats, the spinal cord exhibited a clear volume effect at field lengths 
< 1 cm if homogeneous dose distributions were applied (2, 3, 6). For large 
animals, a volume effect was never conclusively proven (4, 5). Bijl et al published 
two reports on the effect of non-uniform dose distributions on the radiation 
sensitivity of the spinal cord (7, 8). They found that the volume effect in small field 
lengths (4 mm and 2 mm) was reduced after applying a larger field with a low 
dose around a small field (‘bath and shower’) (7). Furthermore, regional 
differences in the radiosensitivity of the medial and the lateral part of the spinal 
cord were observed (8). These results obtained with a proton beam might be of 
limited clinical relevance due to the very small field lengths and very steep dose 
gradients. To create an irradiation geometry closer to the clinical situation, we 
used interstitial irradiation with one and two catheters to generate a non-uniform 
dose distribution.  
To analyze the dose-volume effects, probit analyses with a dose volume 
histogram (DVH) threshold, phenomenological and tissue architecture models 
were used. In several studies, the dose-volume effect in the spinal cord has been 
modeled. However, most of these modeling studies solely used homogeneous 
irradiation data. Recently, it has been shown that, if the validity of the fit was 
considered, solely the Shirato model or a critical volume model adjusted for non-
local repair (6, 9) or a dynamic repair model (10) was able to give an acceptable 
fit for dose-volume data sets obtained for very short lengths (2-10 mm) of rat 
spinal cord.  
The availability of detailed histological information together with the 3D dose 
map also provided the opportunity to correlate the dose for the different WM and 
nerve root areas and evaluate regional differences in radiation response. 
Dose-volume effects: non-uniform dose distributions - 53 
The aim of this study was to assess dose-volume effects in rat spinal cord 
irradiated with non-uniform dose distributions and to assess regional differences 
in radiosensitivity.  
Materials and methods 
Animals 
106 Young adult male Wistar (CPB/WU) rats aged 12-16 weeks and weighing 
200-300 g were used in the experiments. The experimental protocols were 
approved by the local committee on animal welfare. 
Radiation protocol 
To study the influence of non-uniform dose distributions on radiation tolerance of 
the spinal cord, a single catheter (37 animals) or two parallel catheters (27 
animals) were inserted lateral to the spinal process of the thoraco-lumbar spine 
from the tenth thoracic vertebra (T10) to the fourth lumbar vertebra (L4). Dummy 
sources were introduced in the catheters and both lateral and AP isocentric 
radiographs (Figure 1) were taken to digitize the 3-dimensional coordinates of the 
catheter and the ventral side of the spinal cord for treatment planning with the 
NPS-planning system (UPS version 11.5, Nucletron, Veenendaal, The 
Netherlands; this version was adjusted for accurate dose calculation at short 
distances using a dose grid of 0.5 mm). In 42 animals a uniform dose distribution 
was created in the spinal cord with two templates each containing 3 catheters on 
both lateral sides of the spinal column. The template reached from vertebral level 
T12 until level L3. The lateral distance between the two templates determined the 
dwell times. In all configurations, the target volume was defined as the spinal cord 
volume at a length of 2 cm at the level of T12-L2. Using a step size of 2.5 mm and 
equal dwell times at 17 positions per catheter a linear activity over 4 cm length 
was obtained. The reference dose was defined at the ventral side of the spinal 
cord. Six dose groups were irradiated in the single catheter group with a 
reference dose between 15 and 22 Gy and five dose groups in the double 
catheter group between 16 and 24 Gy.  
The irradiation was performed with the remotely-controlled microSelectron-
HDR with a high activity 192Ir-source. Before implantation, the animals were 
anaesthetized by an intraperitoneal injection of Nembutal (sodium pentobarbital, 
30 mg/kg), that resulted in deep anesthesia for at least 2 hours. A detailed 
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description of the implantation technique and the reconstruction procedure is 
given by Pop et al (11). 
Figure 1. AP radiographs of rats implanted with a single catheter (a), double catheters (b) 
and a template with six catheters (c). Dummy sources were inserted in the catheters. 
Dose verification 
For dose verification, thermoluminescent dosimetry (TLD) measurements were 
performed in an euthanized rat (11). Repeated measurements within the target 
volume area showed a maximum variation of 5% between the calculated and the 
absorbed dose. 
Experimental endpoints 
The motor function was scored by observation of the rat by simple tests for 
reflexes and muscular strength of the hind paws once a week. Four outcome 
values were scored; paralysis, paresis with severe muscle weakness, minor loss 
of strength and no neurological deficits. The total follow-up time was 9-10 months. 
After this period or in case of paralysis, the animals were killed with carbon 
dioxide asphyxiation. The thoracolumbar spinal column was dissected and 
formalin-fixed, paraffin-embedded tissue sections stained with hematoxylin-eosin 
(H&E) were scored. The presence of demyelination, WM necrosis and nerve root 
necrosis was the histopathological endpoint for radiation injury (6). The definitive 
score of response was determined from both the histological and functional score. 
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In case of a discrepancy between the two scores, the definitive response was 
determined by the histological score. 
Additionally, the clinical outcome of the animals was compared with the 
response level (thoracic or lumbar) and the response area (nerve root necrosis or 
WM necrosis) and the statistical significance (95%) was tested with the Fisher’s 
exact test. 
Figure 2. The longitudinal and transverse dose maps of rats irradiated with a single 
catheter (a) and double catheters (b). 
Dose data analysis 
The reconstruction of the spinal cord was performed by defining 18 “patient 
points” (rat points) at the center of the spinal cord on the AP and lateral 
radiograph, equally distributed over the length of the irradiated volume. The target 
volume was delineated as an elliptic organ perpendicular to the longitudinal axis. 
The diameters of the ellipses were measured microscopically in transverse 
histological sections at all vertebral levels in four age matched control rats (Table 
1). An export file was created containing a regular dose grid and the coordinates 
of the patient points and organ contours for every animal. A custom made 
program written in IDL (Interactive Data Language TM: RSI, Boulder, CO, USA) 
was used to extract the dose data inside the target organ of the individual animals 
(Figure 2) for NTCP modeling with non-uniform dose input. For the 6-catheter 
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group, the dose was assumed to be uniformly distributed, which was verified with 
treatment calculations. 
Table 1. Mean diameters of the spinal cord at different thoracolumbar levels 
vertebral level diameter in anterior 
posterior direction [mm] 
diameter in lateral 
direction [mm] 
Th6 3.2 2.5 
Th7 3.1 2.5 
Th8 2.9 2.6 
Th9 3.1 2.7 
Th10 3.3 3.0 
Th11 3.3 3.2 
Th12 3.5 2.9 
Th13 3.8 2.9 
L1 cranial 3.8 3.2 
L1 caudal 3.9 3.2 
L2 cranial 4.1 3.1 
L2 caudal 3.8 2.8 
L3 cranial 3.8 2.7 
L3 caudal 4.0 2.5 
L4 cranial 3.5 2.4 
Registration of dose maps and histological images 
To correlate dose to WM necrosis and nerve root necrosis, histological sections 
stained with H&E were digitized with a 24-bit color CCD camera (Coolsnap, 
Photometrics, Tucson, AZ, USA) connected to a light microscope (Axioscope, 
Carl Zeiss B.V., Barendrecht, The Netherlands). Subsequently, the central point 
of a histological image with necrosis was registered to the patient point in the 
corresponding transverse dose map. After this rigid registration, the necrotic 
lesions were delineated in the histological images of the response animals and 
used to extract the response and the non-response voxels from the dose maps. 
Tissue deformation might introduce a uncertainty in dose that was estimated to be 
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on the order of 1 Gy. Of non-response animals, the transverse map with the 
highest dose was extracted. 
To compare regional differences in radiation response, the dorsal and lateral 
WM regions were delineated at the thoracic level and the nerve roots at the 
lumbar level in the H&E images and the corresponding dose voxels were 
extracted. 
Dose-volume models 
To perform a dose response analysis, several widely used dose volume models, 
from simple DVH-threshold models to more complicated four-parameter models 
were used. First, a probit analysis was performed with the non-uniform dose 
distribution reduced to the maximum, the mean or a DVH-threshold dose, Dxx, 
which indicates that xx percent of the volume has a dose higher than Dxx. The 
50% iso-effective dose (ED50) and the normalized slope in this point (γ50) were 
assessed (12). 
Second, the Lyman model, a phenomenological model, that uses a power-law 
correction for partial volume irradiation with the volume parameter n was applied.  
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First the tissue architecture models are represented by the relative seriality model 
of Källman et al (13). The complication probability of a subunit is described by 
Poisson statistics. 
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The volume effect is described by the volume parameter s with a value of << 1 for 
parallel organs and 1 for serial organs. For non-uniform dose distribution {D} in 
partial volumes v the NTCP is given by: 
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Second, in the functional subunit models, the response of an individual FSU 
(PFSU) is given by a pseudo Poisson model as proposed by Källman et al (13) and 
reparameterized for ED50 and γ50 (12). 
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To describe the failure of an organ, the critical volume model requires the 
destruction of m critical subunits out of n FSUs (14, 15): 
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where Bni are the binomial coefficients and PFSU the probability for subunit injury. 
A special case for m equals zero is called the critical element model. 
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In most NTCP models, a non-uniform dose distributions is handled intrinsically, 
except for the Lyman model. Here, the effective volume method of Kutcher and 
Burman (16) was applied as a dose reduction algorithm. In this method, the 
partial volumes vi with doses Di are reduced to an effective volume (Veff) that is 
dependent on the volume parameter n given by: 
( )∑= niieff DDvV 1max/       [8] 
and a uniform dose Dmax, which is the maximum dose of the DVH. 
Statistical analysis, model fitting 
A Fisher’s exact test was used to see if the neurological score of the response 
animals was different for animals with the highest dose in the lumbar or thoracic 
region and with necrosis in the WM or in the nerve roots. 
The dose-response data were fitted using the maximum log-likelihood 
function (17, 18) for n dose groups with N animals, R responders and a normal 
tissue complication probability function NTCP for doses Di and model parameters 
a 
( )( ) ( ) (( )[ ]∑
=
−⋅−+⋅=
n
i
iiiii aDNTCPRNaDNTCPRL
1
,1ln,lnln )  [9] 
and the downhill simplex optimization method of Nelder and Mead (19). To 
assess the statistical acceptability of the model fit and to enable comparison of 
different model fits, the goodness of fit (GOF) was computed in two different 
ways. Fist, the GOF was evaluated using the deviance, defined as twice the 
difference between the current (Lc) and the log-likelihood of the full model (Lf), 
which coincides perfectly with the experimental data (20).  ( )fc LL −−=∆ 2        [10] 
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To penalize for the number of parameters (k), the second order Akaike’s criterion 
was implemented: 
( )
1
1222 −−
+++−= kn kkc kLAIC       [11] 
Aikaike’s information criterion (AIC) was used to rank the models. Further, the 
Akaike weight (w) was introduced to indicate the probability that the model is the 
best among the whole set (1…R) of candidate models. It is defined as follows: ( )AICAICAIC i min−=∆      [12] 
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Secondly, a Monte Carlo (MC) method was used to assess the GOF by 
calculating the probability of getting a worse deviance than the deviance of the fit 
from 1000 secondary data sets derived from the fitted model (19, 21). The 
acceptable criterion was >5%. 
This was followed by the calculation of the parameter confidence intervals 
(CI) to assess parameter reliability and to test whether parameters were strongly 
correlated, which is another criterion for model rejection. Since many of the 
parameter probability distribution (PD) functions were not normally distributed, the 
CIs were obtained by calculating the multiple-parameter PD followed by the 
determination of the 95% LL contour (17, 22). 
Results 
Dose distribution 
The non-uniform dose distribution resulted in a dose gradient that is non-uniform 
in both longitudinal and transverse direction. Due to the rapid dose fall-off around 
the catheters, the maximum dose calculated in the spinal cord relative to the 
prescribed dose at the ventral side of the spinal cord was 190% ± 13% and 225% 
± 22% for the double and single catheter configuration, respectively. The total 
irradiated volume of the spinal cord was 263 ± 3 mm3 (double catheter) and 257 ± 
4 mm3 (single catheter) and extended from Th6 to L4. This corresponded to 2104 
± 24 voxels and 2056 ± 32 voxels for the double and single catheter experiment, 
respectively. The irradiation with the 6-catheter template provided a fairly 
homogenous dose distribution with a minimum dose of 91% to 94% of the 
prescribed dose depending on the distance between the templates. The 
maximum dose was 102% of the prescribed dose in the field length of the 2 cm 
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that reached from T13 to L2. In the irradiated 4 cm of the spinal cord, the dose 
dropped to approximately 70% at the field edges and the mean dose was 98% 
with a standard deviation of 3%. 
Table 2. Clinical and histological response for different experimental setups. 
 single catheter double catheter 6-catheter 
template 
total animals 37 27 42 
paralysis 20 18 5 clinical 
response partial 
paresis 
13 1 27 
response 
animals 
28 20 21 definitive 
response 
non-
response 
animals 
9 7 21 
dorsal nerve-root 
necrosis 
19 14 21 
ventral nerve-root 
necrosis 
5 5 18 
white matter necrosis in 
the dorsal tract 
11 5 2 
white matter necrosis in 
the lateral tract 
10 0 0 
Neurological assessment 
In the single and double catheter configuration, most animals showed paralysis 
(Table 2). In the single catheter group also a large number of partial paresis was 
found. Of the animals with a paresis, 7 out of the 13 animals of the single catheter 
group and the one animal of the double catheter were assigned to the response 
group based on the histological examination. Further, in both groups one animal 
showed WM necrosis without any clinical signs, that were included in the 
response group. In the 6-catheter configuration most affected animals developed 
an incomplete paresis and only 5 became paralyzed. Of the partially affected 
animals, 14 were assigned to the response group based on the histological 
results. Two animals without clinical signs showed extensive nerve root necrosis 
and were also assigned to the response group (Table 2). 
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The response animals with the highest dose region in the thoracic region (30) 
more frequently showed a full neurological syndrome (24) compared to the 
animals with the highest dose region in the lumbar region (31) (p<0.02), which 
showed more incomplete paresis (16).  
Figure 3. The transverse hematoxylin and eosin stained histological slices of the spinal 
cord of a rat irradiated with a single catheter (a), two catheters (b) and a template with six 
catheters (c). The rat irradiated with a double catheter showed nerve root necrosis in the 
dorsal nerve roots on both the left as the right side at thoracic vertebral level 12 (a). The 
rat irradiated with a single catheter only showed root necrosis at the left side of the spinal 
cord at lumbar vertebral level 1 (b). In this rat the ventral nerve root was damaged in 
addition to the dorsal nerve root. 
Histology 
After a follow-up of 9 to 10 months, all spinal cords were examined for 
histopathological damage. Necrosis was primarily found in the dorsal nerve roots 
corresponding to the high dose region (Figure 3) and was extended to the ventral 
nerve roots in a small number of animals (Table 2). Additionally, the dorsal WM 
tracts were affected, but the pyramidal tract was intact in all animals. In the single 
catheter group, necrosis was also found in the lateral WM on the side of the 
implanted catheter. The rats irradiated with the 6-catheter template mainly 
showed necrosis in the ventral and dorsal nerve roots in the lumbar region (Table 
2).  
The lesions found in the dorsal or ventral nerve roots were all located at 
vertebral level thoracic 13 or in the lumbar region. The dorsal and lateral WM 
necrosis was only detected in the thoracic region. Further, comparison of the 
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dose distribution and the histological damage showed that necrosis was restricted 
to the high dose region in the WM (Figure 4).  
Figure 4. The hematoxylin and eosin stained section of the spinal cord at thoracic 
vertebral level 12 (a) with the corresponding transverse dose map (b) of a rat irradiated 
with two catheters. The white matter necrosis was selected in the dorsal white matter in 
the histological section and the corresponding dose voxels were indicated in the transverse 
dose map. Both transverse images were registered by fusion of the central point of the 
histological image (a) on the predefined patient point in the transverse dose map (b). 
Figure 5. Cumulative dose-volume histograms (DVH) of a rat irradiated implanted with a 
single catheter or double catheters with the D24 depicted for the DVH with the smallest 
D24. 
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To investigate the influence of the location of necrosis on the clinical 
outcome, nerve root necrosis and WM necrosis were related to the neurological 
syndrome of the animals. No significant differences were found in neurological 
syndrome in animals with either nerve root or WM necrosis. Nor affected the 
localization (ventral, dorsal and lateral WM, or ventral and dorsal nerve root) of 
the radiation necrosis the clinical outcome.  
Table 3. Evaluation of the dose-response models. 
abbreviations: ∆: deviance, GOF: goodness of fit, AIC: Akaike’s information 
criterion, ∆ AIC: difference between the minimum AIC and the AIC of the present 
fit, LKB: Lyman Kutcher Burman. 
model ∆ GOF 
(Monte 
Carlo) 
no 
para-
meters 
AIC ∆AIC Akaike’s 
weight 
Parameter 
correlation 
probit D24 5 42% 2 68 0 0.79 - 
LKB Veff 7 45% 3 72 4 0.10 - 
relative seriality 8 58% 3 73 5 0.06 - 
critical volume 7 52% 4 74 6 0.04 + 
critical element 13 76% 3 78 10 0.00 + 
probit Dmean 26 48% 2 89 21 0.00 - 
probit Dmedian 41 44% 2 103 35 0.00 - 
probit Dmax 53 40% 2 116 48 0.00 - 
NTCP modeling 
Probit analysis performed on the group homogeneously irradiated with the 6-
catheter template resulted in an ED50 of 22.1 Gy [95% CI :21.0 - 23.2] and a slope 
parameter of 4.2 [95% CI: 2.2 - 6.7]. Subsequently, the 3-D dose data of both the 
animals with a uniformly and a non-uniformly distributed dose were used for the 
probit analysis and NTCP-modeling. For the probit analysis, the D24 (Figure 5) 
resulted in the best fit (Table 3). All the fits passed the criterion based on the GOF 
determined by a Monte Carlo simulation. However, both the critical element and 
critical volume model showed strong parameter correlations, that limited their 
reliability. Therefore the parameter values are not shown. Moreover, the accepted 
models included the LKB model and the relative seriality model (Table 3). The fit 
of the LKB model resulted in a volume parameter of 0.2 and the relative serialtity 
model in a seriality parameter of 0.5 with a large 95% confidence interval of 0.1- 
1.3 (Table 4). The Akaike’s information criterion (AIC) was used to rank the 
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models. The AIC and the Akaike weight showed that among the tested models 
the probit analysis of the D24 was a significantly better model than the LKB model 
or the relative seriality model. The parameter values of the accepted fits are 
displayed in Table 4. Calculated NTCPs with the fitted parameters were 
compared to the experimental response data in Figure 6. The deviation from the 
diagonal line shows the deviation from the ideal fit. 
Table 4. Parameters of the probit and NTCP fits on the entire organ. 
abbreviations: CI = confidence interval, LKB: Lyman Kutcher Burman 
model parameter value 95% CI 
probit D24 ED50 [Gy] 
γ50
22.3 
4.6 
21.6-22.9 
3.1-6.3 
LKB Veff ED50 [Gy] 
m 
n 
22.1 
0.09 
0.17 
21.0 22.6 
0.07-0.14 
0.12-0.24 
Relative seriality ED50 [Gy] 
s 
γ 
21.7 
0.53 
6.0 
21.1-22.2 
0.11-1.28 
4.2-9.7 
Registration of dose map with histology 
The number of dose voxels in the slice that coincided with the histological section 
were 27±2 for the single catheter irradiation and 26±2 for the double catheter and 
the template irradiation, respectively. In these two-dimensional dose distributions, 
the areas that corresponded with the WM necrosis in the histological sections 
were selected (Figure 4). The response areas in the double catheter experiment 
(7±4 voxels) were larger than those of the single catheter experiment (5±3 
voxels). The response areas in the template set-up counted 14±2 voxels. The 
optimal DVH-threshold dose, besides the mean, median, maximum dose of the 
response and non-response areas was used for the probit analysis in all three 
configurations. The best fit was obtained by the probit analysis of the D30 followed 
by the median dose (Table 5, Figure 7).  
The comparison of the WM regions and the nerve roots revealed a 
comparable radiosensitivity for the dorsal (ED50=32.3 [95% CI: 30.0-35.8] Gy, 
γ50=1.2 [0.8-1.7]) and lateral WM (ED50=33.7 [31.7-36.8] Gy, γ50=1.7 [1.2-2.1]) 
regions, while the dorsal (ED50=25.9 [25.3-26.4] Gy, γ50=1.5 [1.3-1.8]) and ventral 
(ED50=24.1 [23.6-24.6] Gy, γ50=2.3 [1.9-2.8]) nerve roots showed a higher 
sensitivity (Figure 8). 
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Figure 6: the fit results of the non-rejected models without parameter correlations. The 
correlation between the experimental response and calculated NTCP is given for the 
probit analysis of the D24 (a), Lyman Kutcher Burman model with effective volume dose 
reduction scheme (b), the relative seriality model (c), the probit analysis of the mean dose 
(d), the probit analysis of the median dose (e) and the probit analysis of the maximum 
dose (f). 
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Figure 7: Probit analysis of the median dose of the histology based response and non-
response areas of dose maps registered with histology sections. The median dose response 
curve (a) and the relationship between experimental and calculated response (b) is shown. 
Table 5. Parameters of the probit analysis of the histology based response. 
model parameter value 95% CI LL 
probit D30 ED50 [Gy] 
γ50
25.3 
2.3 
24.3-26.3 
1.8-2.8 
-70 
median dose ED50 [Gy] 
γ50
26.2 
2.3 
25.4-27.0 
1.8-2.8 
-93 
mean dose ED50 [Gy] 
γ50
26.4 
2.2 
25.6-27.2 
1.7-2.7 
-97 
max dose ED50 [Gy] 
γ50
33.2 
0.7 
30.2-37.6 
0.3-0.9 
-140 
Discussion 
In the present study, the effect of non-uniform dose distributions on the tolerance 
of spinal cord was evaluated, while most previous studies concentrated on 
uniform dose distributions (2, 3, 5, 23). 
Neurological assessment and histology 
After non-uniform irradiation, the radiation damage was restricted to the high dose 
side of the spinal cord and necrosis was primarily found in the dorsal roots. If the 
high dose region was at the thoracic region, mainly WM necrosis was observed. 
The less severe neurological symptoms in rats with lumbar lesions compared to 
rats with thoracic lesions can be explained by the fact that the thoracic lesions 
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typically consisted of WM necrosis while the lumbar lesions all showed nerve root 
necrosis. WM tracts are descending or ascending tracts that might innervate all 
the levels below the lesion, while the nerve roots of different levels are combined 
to form the peripheral nerves. Thus, radiation damage in WM might have a more 
extended effect than nerve root necrosis that might solely affect a single spinal 
segment. No differences were found between the localization of the radiation 
necrosis and the clinical outcome, even though the dorsal nerve roots have solely 
a sensory function and injury to the posterior funiculi causes primarily loss of 
position sensation and ataxia. The pyramidal tracts that are located in the central 
part of the dorsal WM in rats were always spared. Bijl et al (11) also found motor 
deficits and dorsal WM necrosis after irradiation of solely the central part of the 
cervical spinal cord.  
In grey matter, the radiation effects as seen in the H&E stained sections were 
limited to some telangiectasia, thickened vessel walls, and some focal 
hemorrhages. This is in agreement with histological results in previous studies (2, 
23-25). 
Figure 8. Probit analysis of the dose-response data of dose voxels of the dorsal and lateral 
white matter and the dorsal and ventral nerve roots. The radiosensitivity of the nerve roots 
is higher than that of the white matter. 
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Dose-response 
In the present study, the high dose regions were always surrounded by areas with 
lower doses. In the longitudinal direction, this can be compared with the so-called 
bath and shower experiments reported by Bijl et al (7), although the dose 
gradients were less steep in the present study. The bath and shower experiment 
showed that the radiation sensitivity was increased if a low dose was applied 
around a small area exposed to a high dose. In other words, the volume effect 
normally seen in small field lengths disappeared by applying a low dose to the 
surrounding area. It seems plausible that this mechanism also played a role in the 
present study, since the dose that best described the response in all the groups 
was the D24 and not Dmax. The corresponding ED50 (22.3 Gy) was comparable to 
both the homogeneous dose distribution applied with the template (22.1 Gy) and 
with external beam irradiation of a large field length (22.0 Gy) (6). Higher ED50 
values were found for field lengths smaller than 8 mm (3, 6, 26). Thus, this 
suggests that no volume effect was present and that the effect in the focal high 
dose regions was reduced by the lower contiguous dose similar to the 
observations in the bath and shower arrangement (7). 
The dose gradient in the mediolateral direction can be compared with another 
proton irradiation study that described that the WM in the central part of the 
cervical region expressed a strongly reduced radiation sensitivity (8). In the 
present study, however, we did not find a reduced sensitivity in the mediodorsal 
region. This discrepancy could be due to the difference in the sensitivity of the 
nerve roots between the cervical and lumbar region. As reported previously, the 
cervical nerve roots are relatively radioresistant, while in the lumbar region, their 
sensitivity is comparable to that of ventrolateral WM in the thoracic and cervical 
region (23). In the present study, primarily the dorsal nerve roots were affected 
and only in some animals the dorsal WM region showed necrosis. Hence, the 
mediodorsal region in the lumbar region could be relatively sensitive due to the 
nerve root response that is absent in the cervical dorsal region. 
NTCP Modeling 
The best fit of the dose-response data was obtained by probit analysis of the D24. 
This means that the spinal cord showed less serial behavior than is often 
assumed or that the higher dose only affects the grey matter which is known to be 
highly radiation resistant (8). The LKB model using the effective volume as a DVH 
reduction as well as the seriality model passed the tests. Moreover, the critical 
element and the critical volume model showed strong parameter correlations. 
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This could be attributed to a deficiency of diversity in the data in combination with 
a surplus of fitting parameters. In contrast to previous studies, no migration or 
non-local repair terms or dynamic repair were needed to model the response 
acceptably (6, 9, 10). 
The results of the LKB model showed a serial behavior with n = 0.17. This is 
in agreement with the volume parameter of 0.10 obtained for external beam 
irradiation on field lengths of 5 - 40 mm in rat spinal cord (6). Also the ED50 of the 
LKB model in both studies were comparable. The fit of the relative seriality model 
resulted in a seriality parameter of 0.5. This clearly did not indicate a preference 
for parallel or serial behavior. However, the confidence interval of this parameter 
was large and the 95% confidence intervals of the present study and the study on 
the uniform irradiated spinal cords (6) overlapped. The acceptable fit of both the 
critical volume and the critical element model also demonstrated that the data are 
inconclusive on whether the spinal cord behaves as a serial or parallel organ.  
Registration of dose map with histology 
The fitting of the response and non-response areas of the dose maps registered 
with histology resulted in a best fit of the D30. This means that the response voxel 
with the second highest dose determined the response dose, since on average 
only 6 voxels were present in the response area. Thus, the accuracy of the D30 is 
limited. The 50% iso-effective dose was higher in the histology registered dose 
maps than in the dose maps of the entire spinal cord, because the dose maps 
that matched with a histological section with radiation necrosis were found in the 
higher dose regions.  
The registration of the dose maps with the histology showed a higher 
radiosensitivity for nerve roots than for WM. Another study revealed no difference 
in tolerance dose between the cervical and lumbar region after irradiation with a 
single dose (27). This suggests that there is no difference in tolerance dose of the 
nerve roots and WM. However, this study is based on a homogeneous dose 
distribution. In the present study the high dose region was located at the dorsal 
side of the spinal cord, while generally WM necrosis is primarily found in the 
ventrolateral WM region (6). This region received a low dose due to the steep 
dose gradient from dorsal to ventral. Thus, the radiosenstivity of the ventrolateral 
region might be higher than that of the dorsal and lateral WM and determine the 
response in irradiations with uniform dose distributions. In a recently published 
human study (28) an ED50 of 72 Gy (fraction size 1.95 Gy) was found for the 
cauda equina. This is comparable with the dose of 68-73 Gy (fraction size 2 Gy) 
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for myelopathy suggested by Schultheiss et al. (29), but lower than the ED50 
found in the present study, also if a larger α/β ratio in the lumbar region is taken 
into account. The response could be species dependent, but also differences in 
endpoint and follow-up period could play a role. In human studies, not only motor 
dysfunction is considered as an endpoint but also sensory dysfunction. In 
addition, the longer follow up time in humans could lead to a higher response 
registration in human studies. 
Conclusion 
The response data of rats irradiated with a non-uniform dose distribution in the 
thoracolumbar region of the spinal cord was not conclusive on whether the spinal 
cord showed serial or parallel behavior. Serial behavior was supported by the 
LKB model and the critical element model, while more parallel characteristics 
were shown in the relative seriality, the critical volume and the probit model with 
an optimal DVH threshold. A higher radiosensitivity was observed for the lumbar 
nerve roots than for the thoracic white matter. 
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Abstract 
Purpose: To evaluate the time dependency of the sensitizing effect of a large low-
dose field on a small high-dose field in the rat cervical spinal cord. 
Materials and methods: Irradiation experiments with a relatively low dose to a 
large volume (bath, 2 cm, 4 Gy) were combined with high doses to a small 
volume (shower, 4.7 mm, 26-43 Gy) at intervals of 8 minutes, 3, 12 and 24 hours. 
Both a functional score defined as motor impairment and a histological score 
characterized as white matter necrosis were used as endpoints. 
Results: The application of the 4-Gy bath dose resulted in a significant reduction 
of the ED50 from 48.7 Gy (small field) to 40.8 Gy. If the interval was extended, the 
ED50 increased to 44.4 (3 hrs) and 44.8 Gy (12 hrs), while the 24-hour interval 
resulted in a significant increase to 51.9 Gy. If the histological endpoint was 
considered, the ED50 for all the dose-response curves decreased slightly with 0.2 
to 2.6 Gy without significantly changing the kinetics.  
Conclusions: The bath effect as applied in the bath and shower experiment lasted 
for at least 12 hours and disappeared in the 24-hours time interval. This time 
scale clearly deviates from that of normal repair kinetics as derived from low 
dose-rate and fractionated irradiations. 
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 Introduction  
In radiation treatment of cancer, the dose delivered to the spinal cord is limiting 
for many tumor treatments. In particular, the irreversible paralysis is feared as late 
radiation complication. Fortunately, clinical occurrence is rare and animal studies 
are required to study the spinal cord response to ionizing radiation.  
The radiation complications can be divided in different stages according to the 
time of onset together with the histopathological diagnosis. First, the acute 
radiation complications consist of blood-barrier breakdown with accompanying 
edema. Second, the intermediate stage includes reversible demyelination and 
concomitant neurological signs, 2-3 months after irradiation. Third, irreversible 
white matter (WM) necrosis develops as an early late radiation complication (~6 
months after irradiation) followed by the chronic progressive myelopathy which 
manifests as glial atrophy with vasculopathy appearing after a delay of 6 months 
to several years. The mechanisms of these stages of radiation damage are not 
well understood and are not necessarily associated. 
Generally, the dose to the rat spinal cord which causes neurological deficits in 
50% of the animals (ED50) is approximately 20 Gy for single dose irradiation (2, 
3). However, dose-volume studies showed a decreased radiation sensitivity of 
small irradiated volumes in rat spinal cord. Several dose-volume studies in rats (2, 
3, 23), pigs (4), dogs (30) and monkeys (5) have been performed. The rat studies 
showed a steep increase of the ED50 if field lengths smaller than 8 mm were 
irradiated. Studies in pigs and monkeys did not show a significant shift in ED50; 
and only the canine study showed an increase in ED50 for field lengths of 4 cm 
compared to 20 cm.  
Recently, a study of inhomogeneous and asymmetrical proton irradiations of 
the rat cervical spinal cord has been published describing a modified volume 
effect (7). These so-called bath-and-shower experiments showed that irradiation 
of a large field with a low dose (bath) followed by irradiation of a small field 
(shower) in the center, at the caudal or cranial border of the bath resulted in a 
substantial decrease of the ED50. This sensitization effect has been shown to be 
significant at a bath dose as low as 4 Gy reducing the ED50 from 53.7 Gy to 39 
Gy. A bath dose of 18 Gy, which is almost as high as the ED50 of a 2 cm field, 
resulted in a lower ED50 of 31 Gy, which is still 10 Gy higher than the ED50 of a 
large field. Thus, this bath dose has a dose-dependent sensitization effect on the 
small field, substantially reducing the volume effect. In the present study the 
question was raised whether the sensitizing effect of the low bath dose is affected 
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by “repair” during the time interval between bath and shower and whether this 
repair time is comparable with the repair time observed in fractionated and low 
dose-rate experiments. Furthermore, the repair times could give an indication of 
the biological mechanism of the dose-volume effect and the bath and shower 
effect. It should be emphasized that repair here does not refer to repair of “cell 
kill”, but rather receovery of the sensitizing effect of the bath dose. 
Materials and methods 
Animals 
In total, 246 young male Wistar rats weighing 200-250 g were used. The animals 
were anesthetized by 1% isoflurane in air enriched with 50% O2 during irradiation. 
Dose verification 
The dose of both field sizes was verified by thermo-luminescent dosimetry (TLD) 
with probes of 1 mm diameter. The TLDs were placed in the isocentre in a 
Masonite phantom with Lucite build up at a depth equivalent to 3 cm water. Film 
dosimetry was used to verify field size, field shape and relative output in two 
transversal dimensions with Kodak X-OMAT V (XV) films at the same depth. The 
films were digitized on a Vidar VXR-16 Dosimetry Pro scanner (Vidar, Herndon, 
VA, USA). The field width, the physical penumbra (20-80%) and the field width at 
10% of the maximum dose were measured. 
Irradiation 
Homogeneous external beam irradiation was performed on two different linear 
accelerators generating 4 MV and 6 MV photons. Groups of 6 rats were placed in 
supine position on a Lucite device with the neck fixated to ensure reproducible 
positioning and stability of the rats before and during irradiation. For the bath and 
shower experiment two different lengths of the cervical spine were subsequently 
irradiated, first a bath of 20 mm with 4 Gy followed by a shower of 4.6 mm field 
length with variable single doses. The center of both fields was chosen at cord 
level C4, while the remainder of the rat was shielded by custom made blocks. The 
shower dose was given after a delay of 8 minutes, 3, 12 or 24 hours. In each 
experiment, 6-8 dose groups with six animals each were used.  
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 Experimental endpoints: motor function and histology 
Two different experimental endpoints were used; impaired motor function and 
WM lesions referred to as functional and histological endpoints. Changes in 
neurological status and degree of leg paresis were scored as reported previously 
(11). Briefly, a three-grade scale of functional scores was used: no, intermediate 
and complete paresis of the limbs. The animals were killed by carbon dioxide 
asphyxiation after development of paralysis or a maximum follow-up time of 210 
days. The cervical spinal column was dissected and immersed in 4% 
paraformaldehyde. Subsequently, the spinal columns of the groups containing 
non-responders and at least two randomly chosen columns from the groups with 
only responders were decalcified in 10 M formic acid and 0.5 M sodium formate in 
a continuously rotating jar. After dehydration and embedding in paraffin, 4 mm 
transverse sections were prepared from five blocks of spinal column at the level 
of C2-C6 and routine staining with hematoxylin-eosin was performed. These 
histological sections were used to identify rats with secondary spinal cord damage 
due to vertebral bone compression or infiltration by radiation-induced tumors and 
to exclude these from the functional dose-response group. In addition, the 
sections were examined for signs of necrosis and demyelination in WM to 
construct a histological dose-response curve based on WM lesions. Two types of 
lesions were distinguished, WM lesions in either the ventrolateral and lateral WM 
or the dorsal WM showing different histological features. For technical reasons, 
the spinal cord of eight animals could not be examined histologically. These 
animals were included in the functional response, but excluded from the 
histological response. If a response animal showed WM secondary radiation 
damage, such as a large hemorrhage, cord compression due to bone necrosis or 
tumor infiltration like malignant Schwannoma, then the animal was excluded from 
functional response. 
Statistical analysis 
Probit analysis 
A probit analysis was used for the dose-response data of the functional and the 
histological scores. The dose was defined as the total dose, which is the sum of 
the bath and the shower dose. This analysis was performed on the dose-
response curves of the individual bath and shower experiments using a maximum 
likelihood fit (12). The confidence intervals (CIs) were obtained calculating the 
parameter probability distribution followed by the determination of the 95% log-
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likelihood contour (22). This method is independent of the parameter distribution 
and applicable to non-normally distributed parameters. The CIs were calculated 
from the individual parameter PD, which was constructed by projection of all the 
parameter probabilities onto the axis of the parameter considered. 
Repair kinetics 
The dose-response data with different intervals were used to calculate the repair 
times with a mono- or biphasic incomplete repair model for short fraction duration 
(31). ( ) ( )[ ]( )222121 ,,ln ddcDSF t +Ξ+Ξ+=− µϕµϕβα  
In this equation, SF is the survival fraction, α and β are the tissue specific 
constant derived from the LQ model, µ is the repair rate, Dt is the total dose, d1 
and d2 are the fraction doses, and Ξ represents the radiation protocol (di, ti, Di). 
The repair function for two doses, repair rate µi and interval duration ∆t is given 
by: 
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The probability of tissue failure was described by a logistic function. A maximum 
likelihood fit was used and the optimization was performed with the modified 
simplex method described by Nelder en Mead (19). The GOF was assessed by 
the deviance (∆=-2(Lc – Lf), where Lc is the log-likelihood of the fit of the current 
data and Lf is log-likelihood of the full model that coincides with the data (20). 
Results 
Field width verification 
The standard deviation of the dose of both field sizes verified by thermo-
luminescent dosimetry (TLD) was < 3 %. The field width of the small field was 4.6 
mm with a physical penumbra (20-80%) of 2.1 mm (stdev 0.2 mm). The 10% field 
width was 11.0 mm (stdev 0.9 mm).  
Functional score 
The animals were scored for motor function during the seven months following 
the irradiation. Six animals died from an intercurrent cause without neurological 
signs. The remaining 240 rats were followed until onset of paresis or if no motor 
dysfunction was observed until 210 days (Table 1). Three response animals were 
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 excluded from the functional response groups because they showed secondary 
radiation damage, such as hemorrhages, cord compression and induced tumors. 
The rest of the paretic animals showed severe WM necrosis predominantly in the 
lateral regions and dorsal tracts in the irradiation field of the shower region 
sparing the pyramidal tract. Since the results of the two data sets of the bath and 
shower experiments with an 8 min delay were consistent, they were grouped. 
Figure 1. The functional dose-response curves of the bath and shower irradiations (solid) 
compared with the irradiation of a 4-mm field length (dashed). The dose is expressed as 
the total dose. The ED50 of the bath and shower experiment (diamond) was lower than that 
of the 4-mm field (asterisk). The 95% confidence intervals of the ED50 are shown on the 
error bars. 
The ED50 of the 4-mm field alone was 48.7 Gy. The application of a bath dose 
of 4 Gy significantly reduced the total ED50 with 7.9 Gy (Figure 1 and Table 2). A 
partial loss of the bath effect was observed for the 3-hour interval and this 
reduction remained similar after an interval of 12 hours. After an interval of 24 
hours, the bath effect completely disappeared (Figure 2 and Table 2). If the 4-Gy 
bath dose is regarded as a modifier of the volume effect, then the reduction of the 
radiation tolerance of the shower field decreased as function of the interval from 
11.9 Gy (8 min) via 8.3 Gy (3 hr) and 7.9 Gy to 0.8 Gy (24 hr) (Table 2). 
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Table 1. Dose-response data of the bath and shower experiments with 
different interval times and the 4 mm cervical irradiation showing interval 
time, dose, number of functional and histological responders and total 
number of irradiated animals. 
 tim
e interval 
bath dose [G
y] 
show
er dose [G
y] 
total dose [G
y] 
functional 
responders 
histological 
responders 
functional non-responders 
w
ith solely dorsal W
M
 
lesions 
Total num
ber of anim
als 
B&S 8 min A 8 min 4 51.9 55.9 5 5 - 5 
  4 47.6 51.6 4 4 - 5/4*
  4 43.3 47.3 5 4 - 6/4*
  4 41.1 45.1 4 4 0 6 
  4 38.9 42.9 3 3 0 6/4*
  4 36.8 40.8 4 4 1 6/5*
  4 34.6 38.6 4 4 2 6 
  4 30.3 34.3 1 1 1 6 
B& 8 min B 8 min 4 51 55 6 6 - 6 
  4 46 50 6 6 - 6 
  4 41 45 2 2 1 4 
  4 36 40 2 2 1 6 
  4 31 35 0 0 3 6/4*
  4 26 30 0 0 2 5 
B&S 3hr 3 hr 4 60 64 6 6 - 6 
  4 55 59 6 6 - 6 
  4 50 54 6 6 - 6 
  4 45 49 5 5 - 6/5*
  4 40 44 2 2 3 6/5*
  4 35 39 0 0 2 6 
 
82 - Chapter 4 
  tim
e interval 
bath dose [G
y] 
show
er dose [G
y] 
total dose [G
y] 
functional 
responders 
histological 
responders 
functional non-responders 
w
ith solely dorsal W
M
 
lesions 
Total num
ber of anim
als 
B&S 12hr 12 hr 4 55 59 6 6 - 6 
  4 50 54 6 6 - 6 
  4 45 49 5 5 1 6 
  4 40 44 3 3 2 6/5*
  4 35 39 0 0 4 6 
  4 30 34 0 0 2 5 
B&S 24hr 24 hr 4 60 64 5 5 - 5 
  4 57 61 6 6 - 6 
  4 54 58 6 6 - 6 
  4 51 55 4 5 - 6/5*
  4 48 52 4 5 1 6 
  4 45 49 1 2 4 6 
  4 42 46 0 1 4 5 
4 mm - - 63 63 6 6 - 6 
  - 60 60 5 5 - 5 
  - 57 57 5 4 1 6/5*
  - 54 54 3 3 0 5 
  - 51 51 5 5 - 6/5*
  - 48 48 3 3 2 6 
  - 45 45 1 2 2 5 
* x/y: left number is the total number of animals used in the functional score, the 
right number is the total number used for the histological sore. The second can be 
lower than the first due to technical reasons or because a non-response animal 
showed secondary radiation damage, such as hemorrhages, tumors or cord 
compression due to bone necrosis. 
Bath and shower effect in the spinal cord: the effect of time interval - 83 
Table 2. The functional 50% iso-effective dose (ED50) and the slope 
parameter (γ50) of the probit analysis of the individual dose-response curves 
with the 95% confidence interval. 
ED50 [Gy]  
total dose dose of 4mm field 
γ50
B&S 8min group A 39.3 [34.0-43.0] 35.3 [30.0-39.0] 1.8 [0.2-3.0] 
B&S 8min group B 41.8 [39.5-44.4] 37.8 [35.5-40.4] 5.1 [2.3-9.5] 
B&S 8min (A+B) 40.8 [38.5-42.8] 36.8 [34.5-38.8] 2.8 [1.6- 3.7] 
B&S 3hr 44.4 [43.7-45.0] 40.4 [39.7-41.0] 20.1 [3 -80] 
B&S 12hr 44.8 [42.6-47.1] 40.8 [38.6-43.1] 5.5 [2.5-9.8] 
B&S 24hr 51.9 [50.1-53.7] 47.9 [46.1-49.7] 6.6 [3.2-10.7] 
4mm 48.7 [44.7-51.6] 48.7 [44.7-51.6] 3.2 [0.9-5.3] 
Figure 2. The functional dose-response curves of the bath and shower experiments with 
different intervals between the bath and shower dose. The intervals shown are 8 min 
(diamond, solid line), 3 hrs (asterisk, dotted line), 12 hrs (triangle, dashed line) and 24 hrs 
(square, dashed-dotted line). The dose is expressed as the total of the bath and shower 
dose and the 95% confidence intervals of the ED50 are shown on the error bars. 
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 Table 3. The histological 50% iso-effective dose (ED50) and the slope 
parameter (γ50) of the probit analysis of the individual dose-response curves 
with the 95% confidence interval. 
ED50 [Gy]  
total dose dose of 4mm field 
γ50
B&S 8min group A 38.1 [34.1-41.0] 34.1 [30.1-37.0] 2.6 [0.8-4.4] 
B&S 8min group B 42.7 [40.1-45.3] 38.7 [36.1-41.3] 4.3 [1.9-7.7] 
B&S 8min (A+B) 39.9 [37.8-41.7] 35.9 [33.8-37.7] 3.0 [1.8-4.4] 
B&S 3hr 44.2 [43.6-44.9] 40.2 [39.6-40.9] 20 [3-73] 
B&S 12hr 44.5 [42.1-46.8] 40.5 [38.1-42.8] 5.3 [2.4-9.5] 
B&S 24hr 49.3 [47.4-50.7] 45.4 [43.4-46.7] 6.8 [2.8-11.9] 
4mm 46.9 [40.2-50.7] 46.9 [40.2-50.7] 2.5 [0.3-4.5] 
Histological score 
For dose-response analysis based on histology, seven animals were excluded 
from the non-response group because of secondary radiation damage. Four 
animals of the 4-mm group and the bath and shower experiment with a 24-hour 
interval showed WM necrosis and demyelination in the ventrolateral WM without 
motor dysfunction.  
The difference in response between the bath and shower experiment and the 
irradiation of the 4 mm field length was 7 Gy at the ED50 response level. This 
difference was not significant due to the large confidence interval obtained for the 
4 mm field. The bath and shower experiment without a delay showed the lowest 
ED50 (39.9 Gy) followed by that with a 3- or 12-hour interval (44.2 and 44.5 Gy, 
respectively). The 24-hour interval resulted in the highest ED50 (49.3 Gy) (Table 3 
and Figure 3a). Hence, the modifying effect of the bath dose on the tolerance of 
the shower field as function of the interval was 11.0 Gy (8 min), 6.7 Gy (3 hr), 6.4 
Gy (12 hr) and 1.5 Gy (24 hr) (Table 3 and Figure 3b), and qualitatively similar to 
the results for the functional endpoint. 
Thirty-eight out of 76 rats without neurological deficits showed demyelination, 
necrosis with gliosis and cyst formation restricted to the gracile fasciculus in the 
dorsal WM column, which is an ascending pathway. Because of the characteristic 
focal histology, these animals were scored separately from the animals with a 
ventrolateral or lateral WM necrosis. If the dose-response relationship of these 
lesions was evaluated, then the ED50 was independent of the interval time  
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(Table 4). In the group with the 24-hour interval, the statistical analysis could not 
be performed because all the animals were responders. 
Figure 3. Dose-response data of the bath and shower experiments based on histology with 
different intervals between the bath and the shower dose compared with the 4-mm field 
length alone (cross, long dashes). The dose is expressed as the sum of the bath and the 
shower dose (a) or as the dose of solely the small field (b). The intervals shown are 8 min 
(diamond, solid line), 3 hrs (asterisk, dotted line), 12 hrs (triangle, dashed line) and 24 hrs 
(square, dashed-dotted line). The error bars indicate the 95% confidence interval of the 
ED50. 
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 Table 4. The histological 50% iso-effective dose (ED50) and the slope 
parameter (γ50) of the probit analysis of the individual dose-response curves 
with the dorsal white matter lesions included. 
ED50 [Gy]  
total dose dose of 4mm field 
γ50
B&S 8min group A 34.0 [25.5-38.5] 30.0 [21.5-34.5] 1.9 [0.2-3.4] 
B&S 8min group B 33.5 [25.2-39.0] 29.5 [21.2-35.0] 1.4 [0.2-2.5] 
B&S 8min total 33.5 [28.0-37.8] 29.5 [24.0-33.8] 1.6 [0.6, 2.5] 
B&S 3hr 38.5 [35.6-41.1] 34.6 [31.6-37.1] 3.9 [1.4, 7.1] 
B&S 12hr 35.8 [31.7-38.7] 31.8 [27.7-34.7] 3.4 [0.9, 6.4] 
B&S 24hr < 46 <42  
4mm 33.3 [8-47] 33.3 [8-47] 1.0 [0.1-2.6] 
Repair kinetics 
The fit of both the single and the biphasic repair model showed large residuals for 
the B&S experiment with the 24-hour interval, while the residuals of other curves 
were small. Therefore, the model was rejected for these data. In addition, the fit 
resulted in a deviance of 37 for both models, implying no advantage of including a 
second repair process.  
Discussion 
The present study was designed to study the impact of the interval between a 
small dose to a large field and a large dose to a small field on the tolerance of the 
cord. This so-called bath and shower effect as previously described for proton 
irradiation of rat spinal cord was reproduced in the current experiments with linac 
photon beams and significantly reduced the volume effect shown by small field 
lengths in spinal cord irradiations if the fields were given consecutively. 
Bath and shower with photon beams 
The bath and shower experiment could be regarded as consisting of two different 
events. First, the increased radiation tolerance of the small field length, the 
volume effect, and second the disproportionate loss of this volume effect if a small 
dose to a large enveloping field is applied, the bath and shower effect. The ED50 
found for the 4 mm field length (48.7 Gy) was lower than that of the proton 
irradiations (53.7 Gy) (3). This could be attributed to the slightly smaller field 
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length and the smaller penumbra of the proton beams (32), because small 
differences in effective field length result in larger changes in response. Bijl et al 
discussed that the relative biological effectiveness (RBE) of the used entrance 
plateau protons appeared to be unity relative to clinical megavoltage photons (3), 
although most in vivo and in vitro studies suggest a value of 1.1 for the RBE (33). 
If the RBE is higher than unity, the difference between the proton and the present 
study would even increase. 
The application of a bath dose to the small field had a sensitization effect on 
the small field length. The difference between the radiosensitivity of the small field 
and the combined fields, the bath and shower effect, was smaller than in previous 
study performed with protons (7). This was mainly due to the lower ED50 of the 4 
mm single field irradiation, 48.7 Gy for photon versus 53.7 Gy for proton 
irradiation. The ED50 of the bath and shower irradiation was similar 40.8 Gy in the 
present study versus 39 Gy in the proton study, despite the larger shower field 
length (4.6 mm versus 4.0 mm) and the larger penumbras (2.5 mm versus 1 mm) 
in the present study (32). 
Functional versus histological score 
Impaired motor function and WM lesions were considered as separate 
experimental endpoints. The histological responses showed no significant 
decrease in ED50 compared to the functional responses. However, a large 
number of focal necrotic or demyelinating lesions were limited to the gracile 
fasciculus in the dorsal tract of the spinal cord. These areas showed scar 
formation, gliosis and cysts filled with macrophages, which might be a 
consequence of the prolonged follow up time after onset of this tissue damage. In 
the cervical spinal cord, these somatosensory tracts seemed to be more sensitive 
to irradiation than other regions but functional impairment could not be 
discriminated with our simple motor tests. To enable the comparison with other 
studies and because these lesions have distinctive histological properties, these 
lesions were considered separately. 
Effect of interval between bath and shower 
The present study demonstrated that the substantial volume effect for very short 
cord lengths could be partially canceled out by irradiating the enveloping tissue 
with a low dose. This shows that the volume effect is influenced by the 
surrounding tissue and that a dose as low as 4 Gy has a large effect on the 
tolerance. Bijl et al showed that this bath effect is dose dependent (7), but that a 
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 dose of 18 Gy, that is just below the tolerance dose, still results in an ED50 that is 
11 Gy higher than the tolerance dose of a large field length. The effect of the 4-Gy 
bath dose on the radiation tolerance of the shower field ranged from 12 Gy 
(functional score) or 11 Gy (histological score), if the shower dose was given 
immediately after the bath dose, and disappeared almost completely to 1 Gy, if a 
delay of 24 hours between the doses was used. Both the 3- and 12-hour interval 
showed an intermediate effect of 6 Gy. After 24 hours, the effect had largely 
disappeared, and the small difference can be explained by the usual fractionation 
effect. However, if the LQ model is used to predict the fractionation effect, then a 
negligible effect of the bath dose on the shower dose is calculated.  
A puzzling observation in these experiments remains that if lesions in the 
dorsal WM were included in the response analysis, the effect of the interval 
between the bath and the shower disappeared. At least in the current set of 
experiments this small region shows a different response to irradiation and 
bath/shower effect as compared to the bulk of the white matter located in the 
ventrolateral region. 
Repair in spinal cord 
The model proposed by Millar et al (22) for incomplete repair between the 
fractions was not valid to describe the present radiation response. We compared 
the kinetics of disappearance of the bath and shower effect with the kinetics of the 
normal fractionation-related repair in spinal cord. Repair kinetics have been 
investigated in incomplete repair studies using fractionated, high dose-rate, 
pulsed dose-rate and low dose-rate experiments. The repair half times reported 
ranged from 1.0-1.9 hours in the single repair model while 0.2-0.7 hours for the 
fast component and 2.2-6.4 hours for the slow component was found for the 
biphasic repair model (34-36). If a halftime for slow repair of 2.2 hours is assumed 
(37) then the repair would have been completed in 12 hours, which is faster than 
observed in the current experiments. This suggests that the bath and shower 
effect is based on a different mechanism and has probably different underlying 
molecular events than normal repair of radiation damage. 
Kinetics of molecular events 
Several hypotheses have been proposed to explain the volume effect for field 
lengths smaller than 1 cm in spinal cord. One of the hypotheses is based on the 
idea that late radiation damage and thus WM necrosis could be caused by 
depletion of oligodendrocytes. The sensitivity of small field lengths could be 
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reduced if the depletion of oligodendrocytes could be resolved by migration of 
oligodendrocyte progenitor cells from neighboring tissue. Since remyelinating 
cells are not recruited over distances > 2 mm into areas of demyelination, fields 
where this mechanism may play a role are limited to small field lengths (38). 
However, a boron neutron capture study showed that there was no relation 
between the depletion of glial progenitor cells and radiation myelopathy (39). In 
that study it was demonstrated that WM necrosis was associated to the dose 
delivered to the endothelium. Currently, the role of endothelial cells and 
neuroinflammatory cells is thought to be more central possibly in combination with 
oxidative stress. Cytokines and adhesion molecules involved in pro-inflammatory 
reactions and molecules relevant to oxidative stress mechanism are evaluated, 
but their exact role remains unclear. Diffusion of protective cytokines or growth 
factors from adjacent non-irradiated tissue might be involved in the mechanism of 
the volume effect.  
In the present study, this volume-effect was modified by a bath dose of 4 Gy, 
which caused an increase in radiosensitivity of the small field of approximately 11 
Gy. This effect lasted for at least 12 hours and the volume-effect was fully 
recovered within 24 hours. These findings confirm the role of the surrounding 
tissue in the volume-effect as was hypothesized. To direct the question of the 
pathogenetic mechanism, the kinetics of radiation effects have to be considered 
and compared with the kinetics found. 
What is known is that irradiation of CNS tissue gives rise to several acute 
tissue reactions and complications, which are not necessarily associated with late 
complications. The possible bath and shower mechanisms have to satisfy the 
following conditions. Firstly, the reaction has to be effective at doses as low as 4 
Gy, secondly, the kinetics have to correspond to the kinetics found and thirdly, the 
reaction has to be dose dependent, because the responses of B&S experiments 
with a bath 4 Gy and of 18 Gy were dependent on the dose (7). 
The early stage, which covers the first two weeks after irradiation, is 
characterized by blood spinal cord breakdown (BSCB) causing edema and 
leukocyte intrusion. The accompanying molecular events, which have been 
studied, include repair of DNA breaks, inhibition of proteasomes (40), apoptosis of 
oligodendrocytes (41, 42) and endothelial cells (43), blood barrier breakdown in 
association with leukocyte adhesion (44) and oxidative stress mechanism and 
inflammatory response (45, 46). The kinetics of these events are all 
approximately similar. The products become detectable after 30 minutes to 4 
hours, peak around 8 hours and fade away between 20 hours and several days.  
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 Clinical implications 
The experimental combination of bath and shower irradiation might be compared 
with IMRT and tomotherapy, where a high dose to a small volume is surrounded 
by a low dose to a large volume, whereas the effect of the interval might have 
implications for the evaluation between a concomitant boost and a successive 
boost. However, all the results of the present study were based on single fraction 
irradiations and it is likely that the described effects disappear in a fractionated 
regime. Since hypofractionation and small target volumes are common in 
stereotactic radiation therapy, this is potentially a condition where these bath and 
shower experiments might have clinical impact.  
Conclusion 
The bath effect as applied in the bath and shower experiment lasted as long as 
12 hours and disappeared in 24 hours. The underlying recovery kinetics clearly 
differed from the repair rate as derived from low dose-rate and fractionated 
experiments. The LQ model was not valid to describe the response of the two 
fractions even if incomplete repair between the fractions was accounted for. Since 
many molecular and inflammatory events are known to occur in the first 24 hours 
after irradiation, these results do not allow us to identify a particular mechanism, 
which matches the time course of the bath and shower interaction. 
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Abstract 
Purpose: The aim of this study was to detect late radiation effects in the rat spinal 
cord using MR imaging with ultra small particles of iron oxide (USPIO) contrast 
agent to better understand the development of late radiation damage with 
emphasis on the period preceding neurological signs. Additionally, the role of an 
inflammatory reaction was assessed by measuring macrophages that internalized 
USPIO.  
Materials and methods: T2-weighted spin echo MR measurements were 
performed at 7 T in 6 rats before paresis was expected (130-150 days post-
irradiation, early group), and in 6 paretic rats 150-190 days post-irradiation (late 
group). Measurements were performed before, directly after and, only in the early 
group, 40 hours after USPIO administration and compared with histology.  
Results: In the early group, MR images showed focal regions in grey matter (GM) 
and white matter (WM) with signal intensity reduction after USPIO injection. 
Larger lesions with contrast enhancement were located in and around edematous 
GM of three animals of the early and five of the late group. Forty hours after 
injection, additional lesions in WM, GM and nerve roots appeared in animals with 
GM edema. In the late paretic group, MR imaging showed WM necrosis adjacent 
to areas with large contrast enhancement. 
Conclusions: Detection of early focal lesions was improved by contrast 
administration. In the animals with extended radiation damage, large hypo-intense 
regions appeared due to USPIO, which might be attributed to blood spinal cord 
barrier breakdown, but the involvement of blood-derived iron-loaded 
macrophages could not be excluded. 
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Introduction 
In cancer treatment using radiation therapy, inevitable inclusion of normal tissue 
in the radiation field may induce radiation complications. Since the radiation dose 
determines the complication probability, the dose delivered to the tumor is limited 
by the dose delivered to normal tissues and the acceptable degree of 
complications. Irreversible radiation damage of the central nervous system is a 
serious and feared complication, which may limit the treatment dose in head and 
neck, lung and pelvic cancers and vertebral body metastases. 
Spinal cord radiation damage appears clinically as impaired sensory and 
motor function in the regions that are innervated by the affected neurons and 
nerve fibers. The clinical onset is abrupt and develops completely in a couple of 
days. In human spinal cord, a bimodal latent period of complication onset is 
found, which, in analogy with animal experiments, may be attributed to two 
mechanisms contributing to the induction of radiation myelopathy. Histologically, 
the first mechanism is characterized by white matter necrosis caused by high 
doses (peak at 12-14 months), while the second was distinguished as vascular 
damage in both white matter (WM) and grey matter (GM) caused by lower doses 
(peak at 24-28 months) (1). Because of the sparse human data, most knowledge 
is based on experimental studies in animal models (2-5). The pathogenesis is not 
completely understood and currently, radiation necrosis is thought to result from 
complex dynamic interactions between glial cells and vascular endothelial cells. 
Cytokine production by microglial cells and astrocytes (6) may play an important 
role in the period immediately after irradiation. Infiltrating activated macrophages 
have been shown to produce cytokines in radiation necrosis of the human brain 
after postoperative radiation treatment (7). 
So far, MR has only been used in one limited study to image the radiation 
damage in experimentally irradiated spinal cord (8). Furthermore, several clinical 
investigations on spinal cord complications of irradiation (9-14) and one study on 
accidental over-irradiation (15) have been published. These publications reported 
spinal cord swelling or atrophy depending on the time between radiotherapy and 
imaging, increased signal intensity in T2-weighted images and focal enhancement 
after Gd-DTPA administration on T1-weighted images. The dominance of WM 
over GM in radiation lesions is reflected in a preferential focal enhancement in 
WM tracts (11, 14, 16). Besides, MR studies have been performed on irradiated 
animal brains (17-20) and quantitative T2 relaxation times have been described 
for irradiated brain (21). 
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By the application of contrast agents, more functional information can be 
obtained by MRI. Gd-DTPA, which is commonly used in contrast enhanced MR 
imaging, mainly provides information on vascular permeability and, thus, on the 
blood brain barrier in the central nervous system. In this study ultra small particles 
of iron oxide (USPIO) were chosen, because USPIO have a very strong reducing 
effect on the signal intensity in T2-weighted imaging, which might help to find 
minor permeability changes in the pre-paretic period. An additional feature of 
USPIO is that it can be internalized by cells with macrophagic activity (22-24), 
such as macrophages, microglial cells, and also tumor cells and endothelial cells 
(25, 26). This proved to be a valuable tool to detect inflammatory areas (23, 24). 
Most studies on radiation damage in the spinal cord performed by histology 
(2, 5, 27, 28) or imaging techniques (8) concentrated on the period after 
development of paresis, which has been shown to be characterized by white 
matter necrosis, demyelination and vascular changes, like hyalinization of the 
vessel wall and telangiectasia. Only the pre-paretic group was measured two 
days after injection of contrast agent to assess the involvement of macrophages 
in the development of radiation damage. This was not done in the paretic animals, 
because they showed extended radiation damage with a disrupted blood-brain 
barrier. Therefore, it would not be possible to distinguish between leakage 
through blood brain barrier and inflammatory processes with blood-born 
macrophages loaded with iron. 
The aim of this study was to investigate whether radiation effects could be 
detected using T2-weighted MR imaging with or without USPIO contrast agent. 
The study focused on the period preceding neurological disorders to better 
understand the mechanisms involved in the development of late radiation 
damage. In addition, the question was raised whether an inflammatory reaction 
involving macrophages could be identified by MR through assessment of 
macrophages that have internalized iron particles in the period prior to the 
development of neurological symptoms. 
Material and Methods 
Radiation protocol 
Two groups of six adult male Wistar rats weighting 200-250 g were irradiated on a 
4MV linear accelerator. The animals were anesthetized by enflurane (1%) in air 
enriched with 50% O2 and placed in a lateral position in a wax mould. 
Subsequently, 1 cm of the thoracolumbar region was irradiated with a dose of 36 
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Gy. The thoracolumbar region of the spinal cord was selected as target region for 
irradiation because the spinal cord in this area is relatively close to the body 
surface and thus enables the use of a surface coil, which significantly improves 
the signal to noise ratio in the MR experiments. The animals were scored weekly 
on a paresis scale as published by Pop et al (29). As the dose exceeded the 
tolerance dose for a field length of 1 cm, all animals were expected to develop 
paresis 4 to 6 months after irradiation. The animals were divided in two groups. 
The first group was assessed by MR in an early stage, the weeks before 
expected paresis onset (130-150 days after irradiation), whereas the other, the 
late group, was measured after the onset of paresis (150-195 days after 
irradiation). Six age-matched, male Wistar rats were used as a control. The local 
ethical committee on animal welfare of the University of Nijmegen approved all 
the experiments.  
Contrast Agent 
Ultra small particles of dextran-coated iron oxide (USPIO) with an iron-oxide core 
of 4-6 nm and a dextran coat of 30 nm (Sinerem®, Guerbet Laboratories, Aulnay-
Sous-Bois, France) were used in this study. In rats, the serum half-life at a 
concentration of 200 µmol/kg is 4.5 hour (30). To the six rats of the early group, 
100 µmol/kg USPIO was administrated to evaluate contrast enhancement as a 
result of blood volume and permeability. After the post-contrast MR measurement 
protocol, another 200 µmol/kg USPIO was injected to provide for incorporation in 
cells of the mononuclear phagocyte system (31). Subsequently, 40 hours after 
contrast administration, these animals were measured again. In the late group, 
only the first contrast injection and measurement protocol were performed (Table 
1).  
In vivo MR imaging 
For MR imaging, the animals were anesthetized with isoflurane (1.1%) and a 1:1 
(v/v) N2O/O2 gas mixture and placed supine on a custom-made surface coil (4 x 2 
cm2). The centre of the slightly bent radiofrequency coil was positioned adjacent 
to the thirteenth thoracic vertebra (T13) to ensure that both the irradiated and 
non-irradiated spinal cord regions could be included within the field of view. Core 
temperature was monitored with a rectal fluoroptic probe (Luxtron 712, California, 
USA) and maintained at 37.5 ± 0.5 °C with a circulating warm-water blanket. The 
respiration rate was monitored optically (Siemens Siracust 401, Erlangen, 
Germany). MR data were collected on a S.M.I.S. MR console (Surrey Medical 
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Imaging Systems, Surrey, UK) interfaced with a Magnex Scientific 7 T/200mm 
horizontal-bore magnet (Magnex, Abingdon, UK) and a 150 mT/m gradient insert.  
The different thoracic and lumbar regions in the rat spinal cord were localized 
with a multi-slice spin echo (SE) technique with 1-mm slice thickness using a 
short echo time (TR = 3500 ms, TE = 15 ms, bandwidth = 50 kHz, FOV = 20x40 
mm2, matrix size = 128x256) and a long echo time (TE = 40 ms) to exactly 
localize the irradiated part of the spinal cord. Subsequently, 40 high resolution 
slices with a slice thickness of 0.5 mm and a larger field of view to prevent 
aliasing were selected in the irradiated part and cranial to the irradiated part of the 
spinal cord (TR = 3500 ms, TE = 40 ms, bandwidth = 50 kHz, matrix size = 
256x512, FOV = 35x70 mm2). The same protocol was repeated directly after 
USPIO injection of 100 µmol/kg USPIO, and for the rats of the early group this 
was repeated again 40 hours after injection of another 200 µmol/kg USPIO. This 
higher concentration was chosen to provide sufficient iron particles to be 
incorporated in macrophages. The experimental setup is summarized in Table 1. 
Table 1. Summary of experimental setup. 
+: performed; -: not performed 
 early group late 
group 
control 
group 
Irradiation with field length of 1 cm and single 
dose of 36 Gy 
+ + - 
Time point of measurement (in days after 
irradiation) 
130-150 150-195 Age 
matched 
total (32) (µmol/kg) 100 + 200 100 100 
SE before contrast + + + 
SE directly after injection of 100 µmol/kg 
USPIO 
+ + + 
SE 40 hours after injection of 300 µmol/kg 
USPIO in total  
+ - - 
Perl’s Prussian blue staining + + - 
Histology 
After the MR measurement, the animals were killed with an intracardiac injection 
of 90 mg/kg pentobarbital and the spinal column was fixated in paraformaldehyde. 
Subsequently, the spinal columns were decalcified, embedded in paraffin, divided 
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in blocks of 3 mm and sectioned in 3 µm slices. The slices were stained with 
hematoxylin and eosin (HE) for iron with Perl’s Prussian blue.  
Image analysis 
SE images of control animals were visually compared to images of irradiated 
animals. Regions with decreased signal intensity in the SE images after contrast 
administration were attributed to the presence of USPIO. The corresponding 
histological HE sections were compared with the MR images. Furthermore, the 
Prussian Blue stained sections were assessed for the presence of iron. 
Results 
Clinical performance 
All animals were scored on a paresis scale. Only one animal in the early group 
had developed a low-grade paresis, when the measurements were performed 
(130-150 days after irradiation). In the late group, two animals were paralyzed on 
both sides; two had one hind leg that was fully paralyzed while the other leg was 
intermediate paretic. The remaining two animals showed an intermediate paresis 
of both legs. 
Spinal cord MR imaging 
The in-vivo SE MR images of control animals showed that the best contrast 
between WM and GM was obtained by the short echo time sequence (TE = 15 
ms) (Figure 1). The signal intensity of the H-shaped GM is higher than that of 
WM. The contrast between GM and WM started to vanish at longer echo times. 
Besides GM and WM, other structures can be distinguished, such as blood 
vessels and cerebrospinal fluid surrounding the spinal cord, the central canal, 
nerve roots leaving the spinal column and nerve roots of the cauda equina. These 
images show that the target volume, which is the lumbar enlargement in the 
thoracolumbar region, is a transitional zone between the thoracic spinal cord and 
the conus medularis with cauda equina. The WM area in the lumbar region is 
relatively small compared to the thoracic or cervical region. 
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Figure 1. A selection of the MR images of spinal cord in control rat from vertebra 
thoracic-12 to lumbar-1 region. The signal intensity of grey matter is higher than that of 
white matter using a spin echo sequence with TE = 15 ms. The lumbar enlargement (T13-
L1), which is the region between the thoracic region and the conus medularis with the 
cauda equina, is shown. The spinal cord is surrounded by blood vessels, cerebrospinal 
fluid (outer layer with high signal intensity) and descending nerve roots. The second 
images of the first and second row show the nerve roots of the twelfth and thirteenth 
thoracic vertebra (T12 and T13, respectively) exiting the spinal column. The spinal cord 
in the lower lumbar region is surrounded by the nerve roots (third row), which form in the 
lower lumbar region the cauda equina. These roots are hard to distinguish from 
cerebrospinal fluid. The central canal is also visible in the center of the slices. 
abbreviations: A = anterior, P = posterior, Rt = right, Lt = left 
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Figure 2. MR images of the thoracic spinal cord cranial to the irradiated part (a) and in 
the irradiated area of the spinal cord (b) 130 days after irradiation. The irradiated slices 
were easily recognized by the high signal intensity in the dorsal muscles surrounding the 
spinal column (b), which was attributed to edematous muscle with fat deposition (spin 
echo, TR = 3500 ms, TE = 40 ms, FOV = 20x40 mm2, matrix size = 128x256, slice 
thickness = 1 mm). abbreviations: A = anterior, P = posterior, Rt = right, Lt = left 
MR imaging of irradiated spinal cord 
In the irradiated animals, the irradiated region was easily recognized through fat 
deposition and edema in and around the dorsal muscles surrounding the spinal 
column (Figure 2). Radiation lesions in the spinal cord were best identified in the 
SE images with the long echo time (TE = 40 ms) (Figure 3). In contrast to the 
control animals (Figure 4a) and the non-irradiated region (Figure 3c), three 
animals in the early group showed increased signal intensity in irradiated GM 
(Figure 4b, 5a). The animal with low-grade paresis of the early group showed a 
WM lesion in the ventrolateral region. Furthermore, increased signal intensities 
were observed in nerve roots of both the early and late group. These intensity 
changes complicated the distinction of the different anatomical regions, such as 
WM and GM (Figure 4b, 5a).  
The paretic animals of the late group showed increased signal intensity in GM 
(Figure 4c) and in well-defined regions in WM, preferentially located in the 
ventrolateral part of the spinal cord (Figure 3f and Figure 4c). Some hypo-intense 
focal lesions were found in GM, WM and nerve roots.  
In three animals of the early group and one of the late group, the non-
irradiated regions cranial to the radiation field appeared similar to the control 
regions. In the remaining three rats of the early group and five rats of the late 
group, the dorsal WM tracts of seven rats (two rats of the early group and five of 
the rats of the late group) showed increased signal intensity in the dorsal column 
cranial to the irradiated region. Primarily the gracile tract was affected (Figure 3e) 
but the also pyramidal tract showed increased signal intensity. Besides, two 
animals of the late group showed a hyper-intense region in the midline of the 
ventral WM. These phenomena were not present in the irradiated region. 
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Figure 3. Hi  row) and spin 
echo MR ima w) of the non-
f the late 
stological section stained with hematoxylin and eosin (first
ges with TE = 15 ms (second row) and TE = 40 ms (third ro
irradiated region on vertebra level thoracic 12 (first column) and the irradiated region on 
vertebra level thoracic 13 (second column) in the spinal cord of a paretic animal o
group. The histology of the non-irradiated spinal cord revealed no radiation effects (a) and 
no abnormalities were found in the MR image with short echo time (c). However, white 
matter in the dorsal column showed increased signal intensity (arrow), which seemed to 
be restricted to the gracile tract and to spare the pyramidal tract (e). The irradiated region 
of the spinal cord showed a necrotic region in the histological section (b, arrow), which 
was slightly visible in the MR image with short echo time (d, arrow) and more clearly 
visible in the spin echo with long echo time (f, arrow). The application of a long echo time 
also revealed an increase in signal intensity in the grey matter of the irradiated region (f). 
abbreviations: A = anterior, P = posterior, Rt = right, Lt = left 
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Figure 4. MR images of thoracic spinal cord (T13) before (top row) and after injection 
(bottom row) of USPIO of the control (first column), early group, which was expected to 
be pre-paretic (second column) and late group, which were all paretic (third column). All 
images were measured by a spin echo sequence with a long echo time (TE = 40 ms). In 
the control animal, the signal intensity in grey matter decreased more than in white matter 
(a, d), which indicates that the blood volume in grey matter is higher than in white matter. 
In an animal of the early group increased signal intensity in grey and white matter were 
found (b). Besides, focal regions were found with decreased signal intensity (arrows, b). 
After contrast administration, all the regions absorbed contrast agent (e) and some regions 
showed extended areas with contrast enhancement (arrows). Before contrast injection, a 
paretic animal of the late group showed increased signal intensity in grey matter and in a 
well defined area in white matter indicated by the arrow (c). After contrast administration 
(f), the white matter region indicated by the arrow showed no contrast uptake, while the 
adjacent gray matter region showed increased contrast uptake. abbreviations: A = anterior, 
P = posterior, Rt = right, Lt = left 
Contrast enhanced MR imaging of spinal cord 
In control animals, USPIO resulted immediately after injection, in entire loss of 
MR contrast between GM and WM, which means that the GM was more affected 
than the WM (Figure 4d). Animals of the early group showed different types of 
injured regions with signal intensity loss directly after injection of contrast agent. 
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In three animals, GM areas with high signal intensity, which were adjacent to 
hypo-intense focal areas (Figure 4b), showed large signal reduction in an 
extended region after contrast administration (Figure 4e). Furthermore, in these 
three and two other animals, focal contrast enhanced regions were found 
primarily on the ventrolateral border between GM and WM, but also in GM and in 
the dorsal WM column of the early group, which corresponded with focal dark 
regions in the pre-contrast images (Figure 5a and 5b). One animal, which was the 
only paretic animal of the early group, showed a WM lesion in the ventrolateral 
region, which showed no contrast uptake. The last type of abnormal contrast 
enhancement in the early group was found in nerve roots of three animals, which 
could not be distinguished as abnormal in the T2-weighted images. One animal 
showed no abnormal contrast enhancement and this spinal cord could not be 
distinguished from normal spinal cord.  
In the late group, different types of injured regions could be distinguished 
directly after administration of USPIO. The major difference between the early 
and late group was that all animals but one in the late group showed WM lesions 
that did not absorb contrast agent (Figure 4f). The tissue adjacent to this lesion 
showed increased contrast enhancement (Figure 4f). In five out of six animals, 
extended regions with abnormal contrast enhancement were found and they all 
showed focal enhancement. Furthermore, one animal showed a large MR lesion 
in the dorsal column with low signal intensity, which did not enhance after contrast 
administration. Histology confirmed that this was an old hemorrhage. An 
exceptional finding, which was only seen in the animal without WM lesion, was a 
hemorrhage that was proven by histology that became active after injection of 
contrast agent (data not shown). 
The capability for USPIO incorporation in the animals of the early group was 
studied by MR measurements 40 hours after injection of USPIO. In the more 
severely injured animals showing hyper-intense GM before injection (Figure 5a), 
scattered areas with contrast enhancement were found in both WM and GM 
(Figure 5c). A remarkable finding was that all three animals showed a lesion in 
the anterior part of the dorsal column (Figure 5c). The focal lesions, which were 
apparent directly after injection of contrast agent, were also visible in the images 
40 hours after injection and even clearer because the contrast agent was cleared 
from the vasculature (Figure 5a). In three animals, some nerve roots also showed 
a reduction in signal intensity. Cranial to the irradiated region, no regions with 
contrast enhancement were found. 
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Figure 5. Transverse MR images of the spinal cord at lower part of vertebra thoracic 13 
with nerve roots before (a), directly after injection (b), and 40 hours after injection (c) of 
USPIO in an animal of the early group measured with a spin echo sequence with TE = 40 
ms. The left image (a) shows increased signal intensity in grey matter if compared with 
control slices. Focal areas with decreased areas were visible in white matter and grey 
matter (arrows 1). Directly after injection, the signal intensity showed a steep decrease on 
the border of grey matter and white matter (b, arrow 2). The focal lesions also lost signal 
intensity (b, arrows 1). Forty hours after injection, both grey matter regions and white 
matter regions with decreased signal intensity were found (c, arrow 3), indicative for iron 
accumulation. The central region with iron accumulation was found in three animals in all 
irradiated slices (c, arrow 4). abbreviations: A = anterior, P = posterior, Rt = right, Lt = 
left 
Histology 
In four of the non-paretic animals of the early group the HE-stained sections the 
spinal cord showed edema in GM, dilated vessels in both irradiated WM and GM. 
Moreover, small hemorrhages were found in three animals, and central necrosis 
filled with macrophages and foam cells was present in a number of nerve roots in 
all animals. Two animals showed focal necrosis in the WM of the dorsal column 
and the one of these, the paretic animal, also showed ventrolateral WM necrosis. 
In the late group, demyelination and WM necrosis was observed in WM of the 
paretic animals in the ventrolateral and lateral region. Adjacent to the necrotic 
areas, small hemorrhages and dilated blood vessels were found. Focal 
hemorrhages were also present in other areas of the GM and WM in the late 
group. Four animals of the late group showed focal necrosis in the dorsal column. 
Two paretic animals showed large hemorrhages. In the histology of the late 
group, some cord enlargements and edema were visible. Additionally, nerve root 
necrosis was observed in the irradiated thoracic and lumbar region. No 
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abnormalities could be seen in the regions outside the radiation field and the 
dorsal column appeared normal. 
The presence of USPIO was assessed by Prussian Blue staining at 
approximately 2 and 40 hours after USPIO injection. Approximately 2 hours after 
contrast injection, iron was present both intracellularly as intercellularly. The blue 
staining was found perivascularly in the intercellular space as well as in cells, 
such as microglial cells, macrophages, astrocytes and probably endothelial cells 
and in isolated macrophages and glial cells. Forty hours after injection, no 
intercellular depositions of iron were found. Iron was stained intracellular in 
solitary microglial cells, macrophages, astroglial cells but also perivascularly and 
probably in endothelial cells, but no regions with high iron accumulation were 
found (Figure 6). The number of iron-loaded cells per section was limited to a 
maximum of 15. 
Figure 6. Perl’s Prussian Blue staining in sections of the spinal cord of an animal of the 
early group, 40 hours after injection. Iron (dark staining) was found in a cell, which might 
be a microglial cell, a macrophage or an astrocyte (a) and in the intracellular space in the 
perivascular region, which might be astrocytes, endothelial cells and microglial cells or 
macrophages (b). The last image shows a WM region with the highest number of iron-
loaded cells (c). 
Discussion 
The development of radiation damage in the spinal cord is still a poorly 
understood phenomenon. Clinically, irradiated animals or humans may 
experience no neurological deficits before the sudden onset of motor or sensory 
impairment, which is histologically accompanied by simultaneous abrupt 
development of WM necrosis. Besides WM necrosis, vascular changes are 
involved and cytokine production by macrophages is suggested to be related.  
So far, the only MR study on spinal cord was performed in rabbits after onset 
of paresis (8). The present study focused on MR imaging of the spinal cord in the 
6 weeks preceding the expected onset and after onset of paresis.  
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The SE measurements revealed that proton density weighting (SE with TE = 
15 ms) is important for optimal contrast between WM and GM in spinal cord MRI, 
as reported by Narayana et al (33). The vanishing GM-WM contrast using longer 
echo times is a result of the longer T2 relaxation time of WM compared to GM. 
However, for radiation lesion detection, T2-weighted imaging proved more 
sensitive.  
In the early group, comparison of MR images showing hyper-intense GM with 
HE-stained sections revealed the presence of edema. In the paretic animal, the 
ventrolateral WM region with increased signal intensity corresponded to WM 
necrosis in the histological section (Figure 3 b, d, f). The increased signal intensity 
in the dorsal WM corresponded to focal necrosis and vacuolization, but in the 
central part of the dorsal column, the pyramidal tract, no abnormalities were 
found. The large MR lesions in GM and WM that appeared after contrast injection 
(Figure 4e and 5b) corresponded to iron loaded cells in the Prussian Blue stained 
sections. These regions corresponded to areas in and around edematous GM, or 
to areas next to WM necrosis; they might be attributed to regions with a high 
permeability due to blood spinal cord barrier (BSCB) breakdown. Remarkable 
were the MR lesions located on the anterior side of the dorsal column 40 hours 
after injection (Figure 5c) that corresponded to the high signal intensity in the WM 
of the anterior part of the dorsal column (Figure 5a). Prussian Blue staining 
revealed some iron-loaded cells in this region but no abnormalities were found in 
the HE-stained sections. Figure 5 also shows other GM and WM regions with 
contrast enhancement that were not apparent directly after injection. Besides iron-
loaded cells in the Prussian Blue staining, edematous changes were found in the 
HE staining. None of these WM areas in the dorsal column were enhanced in the 
first hour after injection. Other abnormalities consisted of the hypo-intense focal 
regions in the T2-weighted MR images, which became slightly larger and had a 
higher contrast after injection of contrast agent. They were preserved until 40 
hours after injection. These focal lesions corresponded to focal hemorrhages or 
dilated blood vessels in the HE-stained sections. The Prussian Blue staining 
revealed some iron loaded cells in these areas. The contrast enhancement might 
be attributed to focal contrast leakage in these regions. In the two animals that 
only showed focal lesions, no additional lesions were observed in the MR images 
forty hours after contrast enhancement. These focal lesions might be the first MR 
detectable sign of late radiation damage. 
In the late group and in the paretic animal of the early group, distinct WM 
lesions were found corresponding histologically to WM necrosis. They were 
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primarily located in the ventrolateral region but also in the dorsal column. No iron-
loaded cells were found in WM necrosis, but iron was present at the border of 
necrotic areas, as the MR image after injection showed (Figure 4f). In the late 
group, the GM with increased signal intensity corresponded to edematous GM in 
the HE-stained sections. In some of these regions, large areas with decreased 
signal intensity in the MR image were found, which might have resulted from 
leakage through a disrupted BSCB. In addition, two large hemorrhages were 
found in the HE-stained sections. The first could be attributed to an old 
hemorrhage, which appeared as a large hypo-intense lesion before contrast 
injection. The second appeared after injection of USPIO and might be attributed 
to an accidental coincidence of the injection and the hemorrhage. The radiation 
lesions detected were comparable to those measured in brain (20).  
In normal capillaries, USPIO contrast agent resides inside the blood vessels, 
because the diameter is too large to pass the endothelium. This enables the 
measurement of blood volume (25, 34). The difference in contrast enhancement 
that led to the disappearance of the contrast between WM and GM reflected the 
larger blood volume of GM compared to WM (Figure 4a, 4d). 
The injection of USPIO contrast agent in the irradiated spinal cord resulted in 
extravasation of iron into the nervous tissue. This phenomenon could be the 
result of two mechanisms with different kinetics. The first is a blood brain barrier 
breakdown, which causes USPIO particles to leak into the interstitial space (25) 
or to be internalized in endothelial cells (26). The second is extravasation of iron-
loaded macrophages or monocytes (24, 35). The lesions observed within an hour 
after injection of contrast agent might be attributed to a disrupted blood brain 
barrier, since Dousset et al (35) showed that the extravasation of iron-loaded 
macrophages failed to demonstrate abnormalities even after 4 to 6 hours. The 
MR lesions that appeared 40 hours after contrast administration might result from 
extravasation of iron-loaded macrophages, which suggests that an inflammatory 
reaction is present. However, the lesions could also result from slow leakage 
through the BSCB, because the serum half-life time is approximately 4.5 hours 
(30). 
In the early group, the focal MR lesions with low signal intensity that showed 
early (within an hour) contrast enhancement could be interpreted as small leaky 
blood vessels. The large MR lesions in and around GM with increased signal 
intensity might be attributed to BSCB breakdown in edematous GM. The lesions 
in nerve roots and adjacent to WM necrosis, which appeared early after contrast 
administration, might also be attributed to leaky vessels around areas of necrosis.  
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One type of lesion was only visible in the MR images 40 hours after injection. 
These were the WM lesions both in the anterior and posterior part in the dorsal 
column (Figure 5c). Other lesions that appeared 40 hours after injection were the 
regions in and around edematous GM (Figure 5c) that could not be correlated 
with demyelination or WM necrosis and in some nerve roots. It is not clear 
whether the contrast enhancement after 40 hours is due to extravasation of iron-
loaded macrophages or to slow leakage through the BSCB. 
The late group was only measured in the first hour after injection. The 
Prussian Blue staining showed both iron loaded cells and USPIO in the interstitial 
space. Thus, the contrast-enhanced lesions observed in these animals might be 
all attributed to BSCB breakdown followed by internalization of iron particles in 
cells with phagocytic activity. The lesions were found in areas adjacent to WM 
necrosis and regions in and around GM edema. Therefore, this study can not 
exclude that blood-born macrophages were involved, but part of the effect of 
USPIO is likely to be the result of BSCB disruption. Another remarkable finding 
was that the spinal cord of several rats with GM edema showed increased signal 
intensity in regions outside the boundaries of the radiation field. This phenomenon 
has been described previously in human studies and has been attributed to 
diffusion of edema along the WM tracts from areas with WM damage (11, 36). 
However, in the present study the most severe radiation lesions in WM were 
found in the ventrolateral region, whereas the edema was mainly found in the WM 
of the dorsal column affecting primarily the gracile tract but also the pyramidal 
tract. Histology of the irradiated part of the spinal cord showed some focal 
necrosis in the dorsal column, whereas the pyramidal tract was spared. The HE-
stained sections cranial to this region could not clarify the lesions found outside 
the radiation field. 
Although the localization of the Prussian Blue staining corresponded well with 
the localization of the MR lesions, the number of cells stained seemed to be low. 
The difference in thickness between histological sections and MR slices could be 
of influence. Another explanation would be that the amount of iron in the spinal 
cord is too low to be adequately stained by conventional Prussian Blue staining 
(23, 37). Recently, Schroeter et al (38) suggested a method for iron staining with 
improved sensitivity in brain tissue, which might give a better correlation. 
The disruption of the BSCB may play an important role in the development of 
the late radiation damage. Several studies have consistently found a blood brain 
barrier breakdown directly after irradiation and in the weeks preceding paralysis, 
which occurs months after irradiation of the central nervous system (28, 39, 40). 
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This in agreement with the BSCB disruption found in the early group prior to the 
development of WM necrosis. A decrease of endothelial cell density accompanied 
by focal BSCB eventually led to BSCB disruption restricted to WM (28), which has 
been shown to be associated with hypoxia and upregulation of vascular 
endothelial growth factor (VEGF). This reaction is hypothesized to perpetuate the 
endothelial damage eventually leading to the induction of WM necrosis. In GM, 
the BSCB disruption was only evident after high dose irradiation and the 
development was delayed compared to WM, while no reactive astrocytes were 
found (41, 42). This is different from our results that showed leakage or 
extravasation of USPIO both in WM and GM. 
In a human study, infiltrating macrophages were found in radiation necrosis 
after post-operative radiation treatment (7). In the present study, it was not clear 
whether blood-derived macrophages were involved in the development of the late 
radiation damage and if they were, it was after the onset of GM edema. 
Specifically staining for blood-derived macrophages might help to identify which 
cells are derived from microglial cells and which cells are blood-derived 
macrophages (37). Another possibility would be the injection of macrophages, 
which have to be priorly loaded in vitro, as it has been done with dendritic cells 
(43). 
Conclusion 
This is the first in-vivo MR imaging study of the development of late radiation 
damage in the rat spinal cord in the weeks before and after onset of paresis. The 
study demonstrated that detection of early focal lesions was improved by contrast 
administration. In the animals with extended radiation damage large contrast 
enhanced regions appeared after contrast administration. It was shown that 
BSCB breakdown was an important phenomenon during the development of 
radiation induced tissue damage, but the involvement of blood-derived iron-
loaded macrophages could not be excluded. 
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 Abstract 
Purpose: To prospectively determine whether apparent diffusion coefficients 
(ADC) are more sensitive to radiation induced changes of the spinal cord than the 
T2 relaxation time. 
Materials and Methods: The study was approved by the institutional ethical 
committee on animal welfare. One cm of the thoracolumbar spinal cord of six rats 
was irradiated with 36 Gy. From three until six months after irradiation, five MR 
measurements at 7 T were performed until motor impairment developed. Six age-
matched rats were measured as controls. The measurements consisted of 
diffusion weighted imaging with 5 b-values and spin echo sequence with 20 
echoes. Both the ADC and T2 values were calculated and the spatiotemporal 
evolution of radiation induced lesions was determined semi-automatically. The 
final MR measurements were compared with histology. 
Results: Shortly before neurological signs, the first radiation effects appeared as 
well-circumscribed regions with a low longitudinal ADC (ADC//) in white matter 
(WM) that showed either normal or high T2 relaxation times. The lesions with high 
T2 values coincided with confluent necrosis in histology, while normal T2 values 
corresponded to focal necrosis and demyelination. In grey matter (GM), areas 
with diffuse high T2 values were found that were attributed to edema. The 
changes in T2 values in GM preceded the changes in T2 and ADC in WM. 
Conclusion: In WM, the longitudinal ADC was more sensitive for radiation 
damage than the T2 relaxation time, but in GM the T2 value was more sensitive. 
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 Introduction 
Radiation damage of normal tissues is dose limiting in radiotherapy treatment of 
cancer. Particularly, radiation damage of the central nervous system has 
devastating effects, such as motor dysfunction, loss of sensibility and cognitive 
deterioration. In this study, we focused on the irreversible late effects of irradiation 
in the rat spinal cord, which appear histologically as demyelination, white matter 
necrosis, nerve root necrosis, glial reaction and vascular changes. Neurological 
impairment and histological lesions concurrently and abruptly develop in rat spinal 
cord, after a dose dependent latent period of 3 to 7 months (1) and in humans ~1 
year after radiotherapy (2). The pathogenesis is not completely understood and 
important unanswered questions are: what are the events in the period preceding 
paresis and why is white matter (WM) far more affected than gray matter (GM)? 
MR imaging enables serial measurements during development of distinct 
lesions. Although MR imaging of the rat spinal cord is complicated due to small 
dimensions and motion artifacts, various approaches have been successfully 
applied in vivo, which included traumatic spinal-cord injury (3-5), and ischemia-
induced damage (6). Particularly diffusion weighted MR imaging (DWI) is 
attractive because of the possible radiation induced changes in the arrangement 
of the nerve fibers (4, 5, 7-12). DWI has been used in a limited number of studies 
on late radiation effects in brain (13-17) but none in spinal cord. So far, two 
reports on qualitative MRI of experimental radiation damage of the spinal cord 
have been published (18, 19). Furthermore, a few clinical MRI studies on spinal-
cord complications of irradiation have been performed (20-23). These publications 
reported spinal cord swelling or atrophy depending on the time between 
radiotherapy and imaging, increased signal intensities in T2 weighted images 
(T2WIs) and focal enhancement after Gd-DTPA or USPIO contrast administration. 
The dominance of WM over GM in radiation lesions is reflected in a preferential 
focal enhancement in WM tracts (21, 22). 
The hypothesis tested in this study is that DWI is more sensitive to radiation 
induced tissue changes than T2 weighted imaging (T2WI) and that therefore 
changes in apparent diffusion coefficient (ADC) precede changes in T2 relaxation 
time as was observed in hypoxic brain damage. For that reason, the 
spatiotemporal evolution of radiation lesions were measured in the period of three 
months after irradiation until a full neurological syndrome developed. 
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 Methods 
Radiation protocol 
Six adult male Wistar rats weighing 200-250 g were irradiated on a 6 MV linear 
accelerator. The animals were anesthetized by enflurane (1%) in air enriched with 
50% O2 and positioned in a wax mould. This was followed by irradiation of 1 cm of 
the thoracolumbar spinal cord with a dose of 36 Gy. The radiation field was 
centered at vertebral level thoracic 13.  
Neurological performance 
The hindlimb motor function of the rats was assessed weekly and after the first 
signs of paresis were found, these tests were performed twice a week. The 
neurological function was assessed with a 3-point scoring system. Changes in 
neurological status were scored by observing movements of the rat inside the 
cage or on a smooth surface and by simple tests for reflexes and muscular 
strength of the hindlimbs. Three different stages were discriminated, no 
neurological symptoms, diminished muscular strength (paresis) and complete 
loss of motor function (paralysis). The sensory function was not tested. Since the 
dose exceeded the tolerance dose for a field length of 1 cm, all animals were 
expected to develop motor dysfunction 4 to 6 months after irradiation. Six age-
matched, male Wistar rats were used as a control. 
In-vivo MR imaging 
The irradiated animals were measured with MR imaging from three months post 
irradiation until full motor dysfunction or, if no full neurological syndrome 
developed, until 29 weeks (6 and a half months) after irradiation had passed and 
no further deterioration was expected. To enable the comparison of the 
appearance of MR lesions and motor deficits in the different animals, the time 
course was recalculated with the final experiment as a reference point when the 
neurological symptoms had stabilized. Three control animals were measured 
simultaneously with the first measurements on irradiated animals and the 
remaining three control animals were measured directly after the last irradiated 
animals were measured. In the irradiated animals, the measurements were 
performed with an interval of three or four weeks until the first MR lesions 
appeared in week 22. Thereafter, the time interval between measurements was 
shortened to two weeks to capture developing lesions. The animals were 
anesthetized with isoflurane (1.1%) and a 1:1 (v/v) N2O/O2 gas mixture and 
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 placed supine on a custom-made surface coil (4x2 cm) aligned along the magnet 
axes. Core temperature was monitored with a rectal fluoroptic probe (Luxtron 712, 
California, USA) and maintained with a circulating warm-water blanket (37°C). 
The respiration rate was monitored optically (Siemens Siracust 401, Erlangen, 
Germany). MR data were collected on an S.M.I.S. MR console (Surrey Medical 
Imaging Systems, Surrey, England) interfaced with a Magnex Scientific 7-T 
magnet with a 200 mm horizontal bore (Magnex, Abingdon, England) and a 150 
mT/m gradient insert. All rats were measured with a spin-echo (SE) technique 
using a short echo time (acquisition bandwidth (SW) = 100 kHz; echo time (TE) = 
15 ms; repetition time (TR) = 3500 ms; number of experiments (NEX) = 1; field of 
view (FOV) = 20x40 mm2; matrix size = 128x256; slice thickness = 1 mm) to 
identify vertebra thoracic 13 and vertebra lumbar 1. A long echo time (TE = 50 
ms) was used to localize the irradiated part of the spinal cord, because the dorsal 
muscles surrounding the vertebral column showed increased T2 values as a result 
of the irradiation. 
Diffusion weighted MR imaging 
DWI was performed by multi-slice spin-echo imaging (SW = 25 kHz; TE = 50 ms; 
TR = 3000 ms; NEX = 1; FOV = 20x40 mm2; matrix size = 128x256; slice 
thickness = 1.0 mm, 10 slices). The spinal cord was carefully aligned with the 
axes of the magnet. Two identical diffusion-sensitizing gradients were placed 
around the 180˚ pulse (gradient pulse length δ = 5.25 ms; separation ∆ = 31 ms). 
Five diffusion-weighted images (DWIs) were acquired in two orthogonal 
orientations of the diffusion-sensitizing gradient. Because of the cylindrical 
symmetry of the spinal cord (24) a full tensor measurement is not required and if 
the animals are aligned along the gradient axes, two orthogonal directions will be 
sufficient to directly calculate the ADC⊥ and ADC// (25). The first gradient was 
applied parallel (G//) to the spinal cord and in the perpendicular direction (G⊥), the 
x-gradient was chosen. The corresponding diffusion weighting factors (b-values) 
of the applied gradients were (b⊥= b// = γ2G2δ2 (∆−δ/3)) 88, 351, 789 and 1402 s 
mm−2 for G⊥ and G//. Motion artifacts in the DWIs could be significantly reduced 
using respiratory-gated acquisition. 
T2 weighted MR imaging 
At least three and at most five slices were selected for single slice CPMG 
measurements (SW = 100 kHz, TR = 3500 ms, 2τ (= the duration between CPMG 
180° pulses) = 13 ms, 20 echoes, matrix size = 128x256, FOV = 20 x 40 mm2 and 
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 slice thickness = 1 mm). The coordinates of these slices were selected from the 
multi-slice DWIs in the irradiated region of the spinal cord.  
Data processing 
One author, M.P., wrote the in-house developed dedicated software in IDL 
(Interactive Data LanguageTM: RSI, Boulder, CO, USA) and performed all the data 
analyses. M.P. has 5 years of experience in writing and using data processing 
software.  
Diffusion weighted MR imaging 
DWI slices with motion artifacts were excluded from data processing. After 
subtracting the mean of the noise, ADC// and ADC⊥ were calculated pixel-by-pixel 
by fitting the signal intensities (S) to a mono-exponential function using a 
Levenberg-Marquardt least-squares minimization, S=S0exp(-bD), where S0 
represents a T2 weighted amplitude, and D the apparent diffusion coefficient. 
Calculation of fractional anisotropy 
The fractional anisotropy (FA) value was calculated from the ADC// and ADC⊥ 
under the assumption of equal ADCx and ADCy (11) by the following equation: 
( ) (( ) )22//
22
//
2
2
2
3
⊥
⊥
+
−+−=
ADCADC
DADCDADCFA avav  
where Dav is the mean of ADC// and 2*ADC⊥. 
T2 weighted MR imaging 
The CPMG measurements were processed through pixel-by-pixel calculation of 
T2 maps with a Levenberg-Marquardt least-squares minimization algorithm. A 
mono-exponential function, S=S0exp(-t/T2), was used to fit the second to eighth 
echo after subtraction of the mean of the noise. This yielded a value for relative 
proton density (S0) and transverse relaxation time (T2).  
Semiautomatic segmentation of ADC maps and T2 maps 
To evaluate the development of radiation lesions, the numbers of pixels with 
abnormal ADCs and T2 relaxation times were determined in both WM and GM. 
First, GM and WM were selected manually in the ADC⊥ mask, because this map 
showed a good contrast between WM and GM and was not susceptible to motion 
artifacts. Second, abnormal pixels were selected by application of a threshold 
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 value that was based on the mean and the standard deviation of the parameter 
value in the control animals. The criterion for abnormal pixels in GM and WM in 
the ADC//, ADC⊥ and T2 maps was that the parameter value was larger than the 
mean + 2*(mean standard deviation) as calculated in the corresponding maps of 
the control animals. The average standard deviation of all the control slices was 
computed for the ADC//, ADC⊥ and T2 maps to calculate the threshold values. For 
WM in the ADC// maps, also the values smaller than twice the standard deviation 
were assigned as abnormal, since in affected WM tissue the longitudinal ADC can 
display both high and low values (14, 16). As a result, seven masks were 
constructed for every slice, which consisted of two ADC// masks, one ADC⊥ mask 
and a T2 mask for WM and one ADC// mask, an ADC⊥ mask and a T2 mask for 
GM for both the control and the irradiated animals.  
Topological coincidence 
To correlate the pixels with an abnormal ADC// value to the corresponding T2 
values and the ADC⊥ values, the masks determined in the ADC// maps were 
applied to the ADC⊥ maps and the T2 map. The same procedure was followed for 
the ADC⊥ mask and the T2 mask. Besides, a combined ADC T2 mask was 
generated that included the pixels that met both criteria for abnormality. 
Statistical analysis 
The results were expressed in mean ± standard deviation. The mean ADC and T2 
values in the 6 time points were compared with a non-parametric Kruskal-Wallis 
test. A difference was considered significant if the P-value exceeded 0.05. The 
comparison of the parameter values for the different functional groups (normal, 
paresis and paralysis) was performed with a Kruskal-Wallis test that was 
considered significant if P was smaller than 0.05 followed by a Dunn’s multiple 
comparison test to compare the individual groups. The number of pixels that 
exceeded the threshold values in the control and irradiated animals was 
determined and compared with a Mann-Whitney test and differences were 
supposed to be significant if P was smaller than 0.05. In addition, these relative 
volumes in the groups with different neurological performance were compared 
with a Kruskal-Wallis test similar to the absolute parameter values. These 
statistical analyses were performed in GraphPad Prism4 software (GraphPad 
Software, Inc., San Diego, CA, USA). Since we performed an extensive 
measuring protocol, the duration of the measurements and available MR system 
time restricted the number of animals that could be measured. No power analysis 
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 is performed, because no appropriate data were available beforehand to perform 
this analysis. 
Table 1. Time course of the qualitative assessment of MRI cahnges and 
motor deficits for the different rats. 
time point 1 2 3 4 5 6 
rat 1 weeks after irradiation 14 17 21 23 25 26 
 WM lesion ↓ADC// - - - + + + 
 
MRI 
GM ↑T2 - - - + + + 
 paresis - - - - + ++ 
rat 2 weeks after irradiation  14 18 22 23 25 27 
 WM lesion ↓ADC// - -  + + + 
 
MRI 
GM ↑T2 - -  + + + 
 paresis - -  - + + 
rat 3 weeks after irradiation 15 18  22 24 26 
 WM lesion ↓ADC// - -  + + + 
 
MRI 
GM ↑T2 - -  + + + 
 paresis - -  - - ++ 
rat 4 weeks after irradiation 15  19 22 24 26 
 WM lesion ↓ADC// -  - + + + 
 
MRI 
GM ↑T2 -  - + + + 
 paresis -  - - + ++ 
rat 5 weeks after irradiation 19 22 24 26 28 29 
 WM lesion ↓ADC// - - + + + + 
 
MRI 
GM ↑T2 - - + + + + 
 paresis - - - - + ++ 
rat 6 weeks after irradiation 17 20 23 25 27 29 
 WM lesion ↓ADC// - - - + + + 
 
MRI 
GM ↑T2 - - - + + + 
 paresis - - - - - + 
mean number of weeks before final experiment 11.5 8.4 5.6 3.7 1.7 0 
The symbols used indicate no paresis (-), paresis (+), and paralysis (++) 
Histology 
The animals were killed with an overdose of pentobarbital. The thoracolumbar 
spinal column was dissected and immersed in 4% paraformaldehyde. 
Subsequently, the spinal columns were decalcified in 10 M formic acid and 0.5 M 
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 sodium formate in a continuously rotating jar. After dehydration and embedding in 
paraffin, 4 µm transverse slices were prepared from five blocks of spinal cord 
column at the level of Th11-L2 and routine staining with hematoxylin-eosin (H&E) 
was performed. The histology was performed qualitatively by M.P. supervised by 
B.K., who has 30 years of experience in rat spinal cord histology.  
Results 
Neurological performance 
No neurological deficits were found during the first 22 weeks after irradiation. The 
mean interval between the irradiation and the first neurological symptoms was 
26±2 weeks. The motor deficits were restricted to the hindlimbs, because the 
irradiation was performed on the thoracolumbar spinal cord. Four animals showed 
severe motor deficits at the time of the last measurement. Two animals did not 
develop full motor dysfunction, although they showed extended MR lesions for 6 
weeks. Clinical apparent paresis was preceded by clearly visible MR lesions in all 
animals for two to four weeks, that is 23±1 weeks after irradiation and 4 to 6 
weeks before the final measurement (Table 1). These lesions consisted of 
circumscribed WM lesions with a low ADC// that developed into larger WM lesions 
with a low ADC//. High T2 characterized the less circumscribed GM regions, which 
were visually apparent during the same measurement session as the WM lesions. 
Diffusion weighted imaging and T2 weighted imaging 
Qualitative evaluation 
From 22 weeks after irradiation, radiation lesions could be sharply delineated in 
WM In the images weighted for longitudinal diffusion, because of low diffusion 
coefficients. In the subsequent measurements, the size of these areas increased 
(Figure 1a-d). In the transverse DWIs, lesions were less well circumscribed. The 
T2WIs showed high signal intensities in GM starting at 22 weeks after irradiation 
(Figure 1e-h). At a later stage, high signal intensities were found in T2WI in and 
around large WM lesions (Figure 1h) as found in the longitudinal DWIs (Figure 
1d).  
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 Figure 1. The last four successive MR measurements of rat number 6 (6, 4, 2 and 0 weeks 
before the final measurement). The first row shows longitudinal diffusion weighted 
images (DWI//s) and the second row T2 weighted images (TE = 50 ms) for qualitative 
analysis. The third and fourth row show the corresponding parameter maps with ADC// 
values and T2 values. The spinal cord is an organ with a width of 2.5 mm with an H-
shaped GM surrounded by WM. Six weeks before the last measurement, no lesions were 
found (first column). Regions with high signal intensities in the longitudinal diffusion 
weighted images (a-d) expanded from a small region at the right ventral WM (b) to 
extensive regions in the ventrolateral region of the WM (d). The T2 weighted images (e-h) 
showed an increase in signal intensity in GM (f-h) and an increased signal intensity in the 
left ventrolateral WM of the last measurement, but the T2 of the lesions in the right 
ventrolateral WM remained low (h). In the ventrolateral lesions the ADC// decreased 
considerably (third row). In the T2 maps GM and WM became indistinguishable and only 
a part of the WM lesions as identified in the ADC maps showed an increased T2 (fourth 
row). 
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 Quantitative analysis 
In total 33 measurement sessions were performed in irradiated animals. The goal 
was to have at least 3 and at most 5 slices with both ADC and T2 information for 
the quantitative analysis. In 18 measurement sessions less than 3 slices were 
acceptable and this resulted in the exclusion of 33 slices. The total number of 
slices used for the quantitative analysis was 86. First, the ADC maps (Figure 1i-l 
and Figure 2 a-b, g-h) were calculated from DWIs that were measured with 
different b-values and T2 maps from the CPMG (Figure 1m-p). The development 
of the ADC and T2 values in time was calculated (Figure 3). From measurements 
of non-irradiated animals, control values of T2 and ADC were calculated (Figure 2, 
Table 2). The mean and average standard deviation of the parameters were used 
to calculate threshold values to select abnormal pixels of the irradiated animals 
(Table 2). The numbers of pixels with abnormal ADCs and T2 relaxation times 
were assessed to evaluate the development of radiation lesions (Figure 4). 
Figure 2. ADC maps, T2 maps and H&E stained histological sections of a control rat 
(upper row) and the last time point of an irradiated rat 4 (lower row). From left to right, 
transverse ADC (ADC⊥) maps (a, e), longitudinal ADC (ADC//) maps (b, f), T2 maps (c, 
g), and H&E stained sections (d, h) are presented. All images were located at vertebral 
level thoracic 13 of the spinal cord. The ADC// map clearly showed regions with low ADC 
values in WM (f) that largely co-localizes with the areas with high T2 in the T2 map (h). 
Pixels with high ADC⊥ of the irradiated rat (e) showed little co-localization with either the 
regions with low ADC// value (f) or with high T2 values (g). The histological section of the 
irradiated animal (h) showed an extensive confluent necrotic lesion on the right 
ventrolateral side of the WM (black arrow), while the left ventral WM showed focal 
necrosis with some confluent parts (white arrow). 
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 Table 2. The control and threshold values of T2 relaxation times, 
longitudinal (ADC//) and transverse ADCs (ADC⊥) in white matter (WM) and 
grey matter (GM). In the first and fourth row the mean and the standard 
deviation of the mean values per slice are presented. The second and fifth 
row show the average standard deviation of the control animals. In the third 
and sixth row, the mean and the average standard deviation of all the 
control slices is used to calculate the threshold value. 
 T2 relaxation 
time 
[ms] 
ADC//
[10-9 m2 s-1] 
ADC⊥
[10-9 m2 s-1] 
GM control: mean ± 
standard deviation 
42.6 ± 1.3 0.696 ± 0.087 0.832 ± 0.057 
GM control: average 
standard deviation 
3.6 0.164 0.176 
GM threshold  
= mean + 2*average 
standard deviation 
49.8 1.024 1.184 
WM control: mean ± 
standard deviation 
51.9 ± 2.1 1.683 ± 0.170 0.236 ± 0.038 
WM control: average 
standard deviation 
6.4 0.466 0.092 
WM threshold  
= mean + 2*average 
standard deviation 
= mean – 2*average 
standard deviation 
 
64.7 
 
2.615 
 
0.751 
 
0.420 
abbreviations: GM: grey matter; WM: white matter, ADC//: longitudinal apparent 
diffusion coefficient, ADC⊥: transverse apparent diffusion coefficient. 
 
In GM, the mean T2 values, the mean ADC⊥ values (P<0.001) and the mean 
ADC// values (P<0.016) were significantly different between the successive time 
points. A small number of pixels with a high T2 value were found during the first 
three measurements. From two weeks before motor dysfunction developed, a 
steep increase in the number of pixels with high T2 was found until 80% of the 
pixels were assigned as abnormal. The number of pixels with a high ADC⊥ value 
was significantly (p<0.05) steadily increased from 8 weeks before the last 
measurement. In the final measurement, 37% of the GM pixels were identified as 
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 abnormal by the ADC⊥ criterion. In the ADC// map, the number of selected pixels 
significantly exceeded the control number only in the final measurement (Figure 
Figur
4a). 
e 3. The development of the absolute values of the transverse ADC (a), the 
In WM, T2 values and the ADC⊥ increased while the ADC// value decreased in 
(Figure 4b). No pixels with high ADC// values were found. 
longitudinal ADC (b) and the T2 relaxation time (c) in GM and WM from 14 weeks after 
irradiation until 29 weeks after irradiation. The time course was recalculated with the final 
experiment as a reference point when the neurological symptoms had stabilized 
time (P<0.0001). The volume with abnormal pixels showed a significant increase 
in number of pixels with high T2 relaxation times, high ADC⊥ and low ADC// values 
was found from 6 weeks before the last measurement. The number of abnormal 
pixels rose steadily to 47% (ADC⊥), 30% (ADC//), and 24% (T2) of the WM pixels 
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 Figure 4. M , transverse 
ADC (ADC by the error 
ean number of abnormal pixels in the longitudinal ADC (ADC//)
⊥) and T2 maps. The standard error of the mean is represented 
bars. GM (a) and WM (b) of 6 rats are depicted as a function of the time before the final 
measurement. The values on the y-axis are expressed in percentage of abnormal pixels of 
total WM or GM pixels in the corresponding slice. In GM (a), the number of pixels with a 
high T2 was increased compared to control GM. A steep increase in number of abnormal 
pixels was found from 2 weeks before paresis, which is 4 weeks before paralysis. A slight 
but significant increase in number of pixels with high ADC⊥ was found from week 6, 
which rose to a considerable increase. In the ADC// mask, only the last measurement 
showed a region with abnormal pixels larger than in control animals. In WM (b), a steady 
increase in number of pixels with high T2 relaxation times, high ADC⊥ and low ADC// 
values was found from week 6. The region with low ADC// was larger than that with high 
T2 but smaller than that with high ADC⊥. 
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 Figure 5. T  ADC values 
and T2 valu ed as mean 
percentages hose pixels 
hile the FA 
in affected WM decreased from 0.5 to 0.2 in the last four measurements. Large 
nec
normal pixels in the T2 and the ADC maps 
ast measurement. In GM, more than 75% of 
ped with pixels with a high T2 value (Figure 5). 
he time course of the overlap between the regions with abnormal
es of 6 rats. The percentages indicated on the left axis are express
of the number of pixels in the ADC mask, which only contains t
that exceed the threshold value. The standard error of the mean is represented by the error 
bars. A significant increase in number of pixels with a high T2 value in the regions with 
abnormal ADC values was found from two weeks before paresis. In WM, little overlap 
was found between regions with high transverse ADC (ADC⊥) and high T2 values, while 
the overlap with low longitudinal ADC (ADC//) rose to 38%. In GM, the majority of the 
pixels selected with a high ADC⊥ coincided with pixels with high T2 values. 
The FA calculated from the ADC// and the ADC⊥ was 0.84 for normal WM and 
0.10 for normal GM. The FA in GM with a high T2 was not changed, w
rotic lesions showed an FA < 0.1. 
Topological coincidence 
A clear overlap of the masks with ab
was found from 4 weeks before the l
the pixels with a high ADC⊥ overlap
However, the pixels with high T2 values outnumbered those with high ADC⊥ 
values by 50% (Figure 6a). The overlap with ADC// maps was not determined, 
because the number of pixels selected in the ADC// maps did not exceed the 
threshold value except for the last time point. Thus, two different regions with 
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 radiation effects could be distinguished in GM, one showing both high T2 
relaxation times and high ADC⊥ values and another with only high T2 values. 
In WM, the overlap between the ADC// masks and T2 masks was larger than that 
between ADC⊥ masks and T2 masks (Figure 5), although the number of abnormal 
tion times and ADCs with 
neurological performance 
<0.0001) in 
 performance in contrast to the mean ADC//. 
olumes of the ROIs in the ADC// maps did vary significantly 
ogy 
sections of irradiated animals, focal necrosis with 
and confluent necrotic regions were found in the peripheral region 
pixels in the ADC⊥ mask was larger than that in the ADC// mask (Figure 4b). 
Moreover, around 50% of the pixels in the T2 masks were outside the ADC// 
masks (Figure 6b). The overlap between the abnormal pixels in the ADC// and 
ADC⊥ in WM was smaller than 5 % for all time points. Accordingly, four classes of 
MR lesions were distinguished in WM based on ADC values and T2 relaxation 
times. The first group presented with high T2 values and low ADC// values, while 
the other three groups showed either high T2 values, low ADC// values or high 
ADC⊥ values. The lesions with both high T2 relaxation times and low ADC// values 
were delayed by 2 weeks compared to those selected solely based on either low 
ADC// values or high T2 values. 
Association of T2 relaxa
In GM, the mean T2 relaxation time and ADC⊥ varied significantly (P
the groups with different neurological
The development of MR lesions selected in the parameter maps showed a similar 
pattern. The relative volume of the ROIs with abnormal parameter values in the T2 
and the ADC⊥ showed significant differences, but the volumes in the ADC// maps 
did not. If the paresis and the paralysis group were separately compared, they did 
not differ significantly in parameter value nor in relative volume of the MRI lesion 
(Figure 7 and 8). 
In WM, comparable results were found as in GM, but here also the ADC// values 
and the relative v
(P<0.0001). An additional evaluation of the paresis and paralysis groups did not 
show significant differences in parameter values nor in relative volumes (Fig 7 
and 8). 
Histol
In the H&E stained 
demyelination 
of the WM, primarily at the ventrolateral side of the spinal cord (Figure 9 and 2l). 
Around the lesions, gliosis and some inflammatory cells were observed, but in the 
necrotic debris hardly any inflammatory cells were found. In the dorsal region, two  
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 Figure 6. ADC (ADC⊥) in 
GM (a) an d as mean 
The time course of abnormal pixels with respect to transverse 
d with respect to longitudinal ADC (ADC//) in WM (b) expresse
percentages of total WM and GM pixels for 6 rats. The error bars represent the standard 
error of the mean. In GM (a), the most marked expansion was of the region with high T2 
values. Part of this region also showed high ADC⊥ values. In WM (b), the region with low 
ADC// values was larger than the region with high T2 values, and there was only a partial 
overlap. 
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 Figure 9. Haematoxylin and Eosin stained sections of the control (a) and 
irradiated spinal cord (b, c) at vertebral level thoracic 13 of rat 6. The upper figure 
shows the white matter (WM) of a control rat. The following figure show focal 
necrosis with demyelination (b) and confluent necrosis (c) in WM. 
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 animals showed focal necrosis in the gracile tract, while the pyramidal tracts 
showed no abnormalities. Several focal hemorrhages were found in and around 
 
the necrotic regions in WM but also in two animals in GM. Further, GM 
demonstrated signs of vasogenic edema. The blood vessels showed thickened 
walls, were dilated and perivascular inflammatory infiltration was found. No 
histological changes were found cranial and caudal to the irradiated region and in 
the control animals. 
Table 3. End stage characteristics: histology and MR parameters. 
T2 ADC// ADC⊥ histology 
GM high  high edema 
WM h crosis 
l w  crosis / demyelination 
al d necrosis 
hig low mixed confluent ne
WM norma lo mixed focal ne
WM high norm normal inflammation aroun
WM high low normal confluent necrosis 
Compa  of M and h  
ared to match MR lesions in the last 
logical features. The confluent necrotic 
 be a powerful tool in early determination of tissue 
ly in ischemic brain injury (26). The present study combined 
rived from control measurements of non-irradiated 
anim
rison RI istology
The histological sections were visually comp
MR measurement to characteristic histo
regions could be matched to regions with both high T2 and low ADC// values, 
while the areas with demyelination and focal necrosis showed normal T2 values in 
combination with low ADC// values (Table 3). The areas surrounding the necrotic 
regions showed high T2 values with normal ADC// values. In the H&E stained 
sections, no histological counterpart could be found for the irregular WM areas 
with high ADC⊥ values. In GM, the regions with high T2 and high ADC co-localized 
with edematous regions. The focal hemorrhages appeared in the MR images as 
small areas with low T2 values in both WM and GM. 
Discussion 
DWI has been proven to
damage, especial
quantitative determination of T2 relaxation values with ADC values to assess 
tissue damage by irradiation.  
To automatically select the abnormal pixels, the mean and standard deviation 
of T2 and ADC values were de
als. Before the discussion on irradiated spinal cord, the control values will be 
compared with T2 and ADC values reported in the literature. 
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 Control animals 
ADC in control animals 
available from three research groups using either a spin 
anar MR imaging technique (7, 9, 11, 12) at different 
. Because differences in experimental setup could 
 cord WM and GM (8, 
 in normal GM (42.7 ± 1.3 ms) was 
.2 ± 1.0 ms) and Meyerand et al (44 
eared 
 as diffuse hyper-intensities in GM 
with high signal intensities in the 
In vivo ADC values were 
echo (4, 8, 27) or an echo pl
field strengths (2 T – 7 T)
influence the absolute value of the ADCs, fractional anisotropy (FA) values were 
derived. The FA value of 0.84 was comparable to the study of Franconi et al (8) 
and Madi et al (12) both measured at 7T and indicates anisotropic water diffusion. 
In GM, the FA was 0.1 indicating isotropic water motion. This is in disagreement 
with the in vivo results in literature ranging from 0.44 to 0.6. Ex vivo results 
showed more isotropic water diffusion in GM ranging from 0.15 to 0.29 as 
calculated from the mean ADCs reviewed by Madi et al (12), while the FA in WM 
was in the same range (0.52-0.86) as in vivo. The low FA in the present study is 
mainly due to a low ADC//. Therefore, the high FA in other in vivo studies might be 
explained by contamination of GM with WM due to motion. 
T2 relaxation times in control animals 
Two in vivo studies at 7 T reported T2 values of rat spinal
28). The T2 value found in the present study
comparable with those of Franconi et al (43
ms). Moreover, the WM values of 51.9 ± 2.1 ms agreed with those of Franconi et 
al (57.0±1.6 ms), but not with those of Meyerand et al (35 ms). This low T2 value 
in WM might result from diffusion effects that are larger in WM than in GM. 
MR imaging in irradiated animals 
In the irradiated animals, the first qualitative signs of radiation effects app
two weeks before clinical signs. They appeared
in the T2WIs and as well demarcated regions 
longitudinal DWIs in WM. Both these regions expanded in time. In both GM and 
WM, the quantitative analyses showed parallel changes in T2 values and ADCs, 
except for the ADC// values in GM. These changes were associated with the 
neurological performance of the rats. Therefore, it is not possible to distinguish 
the effect of WM and GM on neurological functioning. A previous study showed 
that high radiation doses to the central part of the spinal cord, where most of the 
GM is located, did not result in any motor deficits in rats (29). This strongly 
suggests that GM changes were not responsible for the neurological deficits.  
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 MR imaging of radiation effects in GM 
In GM, the quantitative analysis showed expanding edema predominantly 
characterized by high T2 relaxation times and accompanied by high ADC⊥ values. 
ment, a significant number of pixels 
crease in both T  relaxation times 
ion in ADC// 
h T2 values as early as 4 weeks 
showed that the regions with low 
As early as 12 weeks before the last measure
with high T  values were found, but a steep in2 2
and ADC values started two weeks before onset of paresis. Hardly any abnormal 
ADC// pixels were found in GM. However, as pointed out before, the ADC// in GM 
was difficult to measure accurately, because it was very sensitive to motion 
artifacts. The volumes of regions with high T2 and high ADC⊥ were associated 
with neurological performance, but not with the severity of the neurological 
deficits. However, as pointed out before GM lesions are considered to be not 
directly related to neurological deficits. All these MR changes indicated the 
development of vasogenic edema in irradiated GM, as was verified by histology. 
In vasogenic edema preferentially the intercellular space is increased and filled 
with extra water, but no structural barriers are destroyed. Therefore, T2 relaxation 
times might be more sensitive than ADCs that seem to be more sensitive to 
destruction of cell membranes and cytoskeleton. Herynek et al (13), who 
performed radio-surgery on rat brain, also reported high ADC values with high T2 
values in GM structures. Several studies have consistently found a blood-spinal 
cord barrier (BSCB) breakdown directly after irradiation and in the weeks 
preceding motor dysfunction and it is suggested that BSCB disruption may play a 
role in the development of the late radiation damage (19, 30). However in GM, the 
development of the BSCB disruption was delayed compared to WM (31), while 
we found that the increase in T2 relaxation times was one of the first late radiation 
effects. It is not plausible that these GM changes directly affect the development 
of neurological signs or WM necrosis, because Bijl et al (29) demonstrated that 
the central part of the spinal cord has a very high radiation tolerance.  
MR imaging of radiation effects in WM 
The WM lesions developed as remarkably well circumscribed regions in the 
longitudinal ADC maps. These lesions were characterized by a reduct
value and were partially accompanied by hig
before the onset of clinical signs. Histology 
ADC// values corresponded to both focal necrosis with normal T2 relaxation times 
and confluent necrotic regions with high T2 values. These large necrotic regions 
showed an FA<0.1 which indicates that the anisotropy normally present in WM 
was replaced by isotropic diffusion of water. Besides, no regions with high ADC// 
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 were found in WM, unlike in brain stroke studies, which showed a conversion of 
low ADC into high ADC in the ischemic lesions after cell lysis (32). Lesions first 
noticeable only in the ADC// maps developed into lesions that were 
distinguishable in both the ADC// and T2 maps. This suggests that the confluent 
necrosis developed from the focal necrotic lesions. Adjacent to the necrotic areas, 
regions with only a high T2 value were found. Actually, most pixels with high T2 
values did not coincide with pixels with low ADC// (coincidence: 16%-38%). Here, 
histology showed inflammatory infiltration that might be accompanied by edema. 
Furthermore, irregular distribution of pixels with high ADC⊥ over the entire WM 
was found starting 6 weeks before the final experiment. This might be attributed 
to vasogenic edema, although the absence of high T2 values suggests that the 
edema present outside the necrotic lesions was limited and did not result in an 
increase in T2 relaxation times. 
The neurological performance of the animals was associated with the volume 
of high T2 values, low ADC// and high ADC⊥, but the volumes in the paresis and 
paralysis group did not vary significantly. It could be that the severity of motor 
deficits not only depends on the extent of the lesions, but also on the exact 
loca
r the low longitudinal ADC in WM lesions seems to 
be t
 on ADC// maps 
in the first week after the first signs of neurological symptoms and later 
accompanied by high T2 values might be indicative of radiation necrosis. Human 
tion of the WM lesions.  
ADC values of living tissues are determined by fluid viscosity, micro-
environmental barriers, such as cell membranes, cell organelles and 
macromolecules, and cell density. Since necrotic regions are deficient in cells, the 
most plausible explanation fo
hat the viscosity in the necrotic lesions was high, probably caused by the high 
lipid content of WM necrosis as is known from MRS studies (33) and other cell 
debris. The high sensitivity of the ADC// for changes in WM might be explained by 
the high anisotropy in normal WM, probably determined by restricted diffusion of 
water in the transverse direction by axonal membranes and myelin fibers. If focal 
necrosis develops, the cytoarchitecture is destroyed and results in loss of 
anisotropy. If the cell debris is viscous a steep decrease in ADC will occur. T2 
relaxation times seem to be less sensitive to small structural changes, possibly 
because the total amount of water does not change substantially. 
Practical Applications 
Differentiation between radiation necrosis and tumor regrowth remains an 
important but difficult diagnosis. Fast progression of lesions in WM
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 studies showed a mixed picture; both high (14, 15), low (16) and heterogeneous 
 The 
edematous changes in GM preceded the development of WM necrosis. 
ADC values (17) have been reported in radiation necrosis. First, it might be 
important if lesions assigned to radiation necrosis originated from normal brain 
tissue or from necrotic lesions in the tumor. A second important factor might be 
the interval between onset of neurological signs and imaging. In clinical studies, 
patients are followed for months or years after the onset of neurological 
symptoms. Therefore, the radiation lesions might mature from demyelination with 
focal necrosis with a low ADC through a stage with confluent necrosis with a high 
amount of cell debris, that transforms in a cavity filled with an aqueous solution 
with a high ADC. Because the animals were not followed after onset of severe 
neurological symptoms, this last stage was not covered in the present study. 
Conclusion 
DWI was proven to be more sensitive to radiation induced tissue changes than 
T2WI with respect to the evolution of WM necrosis. However, T2 relaxation times 
were more sensitive than ADC values to the development of edema in GM.
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Chapter 7 
General discussion and summary 
Introduction 
The estimation of radiation tolerance of organs at risk and tumors is of great 
importance because of the increasing clinical use of nonuniform dose distributions 
in conformal and intensity-modulated radiotherapy (IMRT) and biological 
optimization in treatment planning. In order to improve biological optimization or to 
rank treatment plans, the effect of nonuniform dose distributions on organs at risk 
and tumors has to be estimated. Patient outcome is dependent on both better 
tumor control and reduced complications. Therefore, normal tissue complication 
(NTCP) with dose volume effects and tumor control probability (TCP) models 
have to be evaluated. Conventional TCP models assume a homogeneous 
radiosensitivity, while the contribution of oxygenation status of tumors to tumor 
response is known. In addition, the effect of spatial heterogeneity on radiation 
tolerance of organs, such as the lungs and the parotid glands, is not included in 
NTCP models. Functional information obtained from imaging modalities, such as 
MRI, MRS and PET scans can be used to estimate spatially inhomogeneous 
radiosensitivity and adjust the radiation treatment based on biological or 
molecular characteristics, to perform biological image guided radiotherapy 
(IGRT). The response of tumors and organs at risk (OARs) to the treatment as 
measured with functional image modalities needs to be understood. Therefore, 
characteristics of normal tissues and tumors during and after treatment have to be 
followed and analyzed by histology or immuno-histochemistry before and during 
treatment. The response of the tissues to radiation can then be used to adapt 
tumor definition, treatment dose, beam configuration and fractionation scheme. 
The challenge is to correlate 3-D dose distributions together with 3-D images or 
parameter maps with tumor control and organ function and redefine treatment 
strategies. 
In this thesis, the response of the spinal cord is studied by dose volume 
experiments and MR imaging of the spinal cord after radiation treatment. Limited 
clinical data are available, because radiation myelopathy is a feared complication 
due to its high mortality and devastating effect on the quality of life. Therefore, the 
spinal cord is an important dose-limiting organ. First, dose volume effects of 
partial organ irradiations and nonuniform dose distribution with or without time 
delays on the radiation tolerance will be discussed. Subsequently, the response 
of the spinal cord is followed with functional MR imaging using an iron-oxide 
contrast agent and diffusion and T2 weighted techniques. 
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 Dose-volume effect 
Dose-volume studies described in chapter 2 and 3 investigate the dose-volume 
effects in the rat spinal cord if different field lengths were homogeneously 
irradiated or if a non-uniform dose distribution was applied, respectively. The 
response was defined as motor dysfunction and white matter (WM) or nerve root 
necrosis. NTCP models were evaluated on the resulting dose-response data and 
the conventionally assumed serial behavior of the spinal cord was tested. 
In chapter 2, the dose-response data for four field lengths (4, 1.5, 1.0 and 0.5 
cm) irradiated in a single fraction was used to rank phenomenological and tissue 
architecture NTCP models. The 0.5-cm field length showed a steep increase in 
radiation tolerance. Statistical analysis of the model fits resulted in the rejection of 
almost all the models considered, although several reports showed that the 
critical element based models of Schultheiss, Yaes and Niemierko demonstrated 
a good fit (1-3). However, they did not perform the fit on the entire set of dose-
response curves of the different volumes, but only on the iso-effective dose of 
uniformly irradiated small volumes. The migration model of Shirato et al showed 
an acceptable fit, but the parameters were strongly correlated and could not be 
determined accurately (4). Van Luijk et al showed that also a 5-parameter critical 
volume model adjusted for migration gave an acceptable fit for small field lengths 
(5). Excluding the smallest field length, the Schultheiss (D50= 21.5 Gy, k=26.5), 
the relative seriality (D50 =21.4 Gy, s =1.6, γ50=6.3) and the critical element 
(D50,FSU=26.6 Gy, γ50,FSU=2.3, n=1.3) model gave the best fit. Therefore, serial or 
critical-element behavior for the field lengths of 1.0 cm and larger might be 
concluded. Including the 0.5-cm field length, the radiation response markedly 
diverged from serial properties. Van Luijk et al, also introduced an empirical 
tolerance dose volume (eTDV) model where the ED50 is dependent on the 
tolerance of large field lengths added to an exponential term describing the fast 
increasing tolerance for small volumes (5). If bath and shower and split field 
experiments were included in the analysis, then none of the models sufficiently 
described the data. Recently, Alber and Belka (6) introduced a model that is 
based on the assumption of dynamic repair to reestablish the structural 
organization of the tissue, rather than simply replace lost cells. The assumption of 
the model is that the complication arises if the repair process fails anywhere in the 
organ, which is related to the standard serial assumption that the complication 
develops if any functional unit fails. This serial model further assumes exponential 
loss of information with dose and local and non-local repair are incorporated. If 
the irradiated volume is smaller than the reconstruction unit, then non-local repair 
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is used to predict the response. This non-local repair increases the radiation 
tolerance greatly by collecting repair capacity from the non-irradiated part of the 
reconstruction unit, but the biological mechanism is not known. For spinal cord 
the size of the reconstruction unit is assessed to be 8.7 mm from the data of Bijl 
et al (7) and the volume data in chapter 2 of this thesis. 
To create an experimental situation that approximates clinical nonuniform 
dose distribution, an experimental study with interstitial irradiations was designed 
(chapter 3), to explore the dose-volume effects and regional differences in 
radiosensitivity. Three groups of rats were irradiated with 192Ir-γ−rays at high dose 
rate and with one, two or six catheters distributed around the thoracolumbar 
spinal cord to create different dose distributions. Dose-response data were 
analyzed with a probit analysis as function of the dose level at a percentage of the 
volume (D%) and with different NTCP models. The probit analysis at D24 (24% of 
the volume) gave the best fit results. Also, the Lyman Kutcher Burman model and 
the relative seriality model showed acceptable fits with volume parameters of 0.17 
and 0.53, respectively. For this non-uniform irradiation, the spinal cord did not 
show typical serial behavior, but serial components were present. In contrast to 
the partial volume study, no migration terms were needed for an acceptable fit of 
the dose response curves. The nonuniform dose distribution resulted in the 
longitudinal direction in a relatively homogeneous dose over a field length of 1 cm 
surrounded by low dose regions. Additionally, the histological response of the 
individual dose voxels was analyzed after registration with the histological 
sections. The histology based analysis revealed a lower radiosensitivity for the 
dorsal (ED50 =32.3 Gy) and lateral WM (ED50 =33.7 Gy) compared to the dorsal 
(ED50 =25.9 Gy) and ventral nerve roots (ED50 =24.1 Gy). The clearly higher 
radiorestistance of these WM regions compared to large field lengths of chapter 2 
suggests a volume effect. A remarkable observation was that the pyramidal tract 
located in the ventral part of the dorsal WM near the center of the spinal cord, 
was never affected. The same phenomenon was observed in chapter 2 and in the 
midline irradiations performed by Bijl et al (8). 
Both chapter 2 and 3 show that a thorough statistical analysis, including the 
estimation of goodness of fit and determination of confidence intervals, is 
necessary to evaluate the acceptability of the NTCP models and rank them. If the 
diversity in a data set is limited, then the value of the parameter estimated is also 
limited. For daily clinical application, this study suggests that the commonly 
assumed serial behavior of the spinal cord might be valid for external beam 
radiation therapy. From sparse dose-volume studies of larger animals, rhesus 
148 – Chapter 7 
 monkeys and pigs, no clear volume effect for the spinal cord can be deduced (9, 
10), although the canine study of Powers et al, that compares the radiosenstivity 
of field lengths of 4 and 20 cm, showed an effect (11). In stereotactic 
radiotherapy, the reduced radiosensitivity for very small target volumes may be of 
relevance. 
Another experiment with a nonuniform dose distribution, the so-called bath 
and shower  (B&S) experiment, is described in chapter 4. In the B&S experiment, 
a relatively low dose to a large volume (bath, 2 cm, 4 Gy) is combined with high 
doses to a small volume (shower, 4.7 mm, 26-43 Gy) mimicking the clinical 
situation. In experiments with proton irradiations this resulted in a decreased 
radiation tolerance compared to the tolerance of the small field alone (12, 13). 
Although the present study is performed with photons, which implies that the 
penumbra of the irradiated fields is larger, a significant B&S effect was measured. 
The application of the 4-Gy bath dose resulted in a reduction of the ED50 from 
48.7 Gy (small field only) to 40.8 Gy. Subsequently, the question was raised 
whether the sensitizing effect of the low bath dose is affected by “repair” during 
the time interval between bath and shower and whether this repair time is 
comparable with the repair time observed in fractionated and low dose-rate 
experiments. The time dependency of the sensitizing effect of a bath field on the 
shower field was evaluated at intervals of 3, 12 and 24 hours. The extended 
interval resulted in an increased ED50 of 44.4 (3 hrs) and 44.8 Gy (12 hrs), while 
the 24-hour interval leaded to a significant increase to 51.9 Gy. The bath effect as 
applied in the B&S experiment lasted for at least 12 hours and disappeared in the 
24-hours time interval. This time scale clearly deviates from that of normal repair 
kinetics as derived from low dose-rate and fractionated irradiations. The repair 
half times reported ranged from 1.0-1.9 hours in the single repair model while 0.2-
0.7 hours for the fast component and 2.2-6.4 hours for the slow component was 
found for the biphasic repair model (14-16). If a halftime for slow repair of 2.2 
hours is assumed (17) then the repair would have been completed in 12 hours, 
which is faster than observed in the current experiments. This suggests that the 
bath and shower effect is based on a different mechanism and has probably 
different underlying molecular events than normal repair of radiation damage. 
Furthermore, the repair times could give an indication of the biological mechanism 
of the dose-volume effect and the bath and shower effect. Irradiation of CNS 
tissue gives rise to several acute tissue reactions and complications, which are 
not necessarily associated with late complications. The possible bath and shower 
mechanisms have to satisfy the following conditions. Firstly, the reaction has to 
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be effective at doses as low as 4 Gy, secondly, the kinetics have to correspond to 
the kinetics found and thirdly, the reaction has to be dose dependent, because 
the responses of B&S experiments with a bath of 4 Gy and of 18 Gy were 
dependent on the dose (12). The molecular events, which have been studied, 
include repair of DNA breaks, inhibition of proteasomes (18), apoptosis of 
oligodendrocytes (19, 20) and endothelial cells (21), blood barrier breakdown in 
association with leukocyte adhesion (22) and oxidative stress mechanism and 
inflammatory response (23, 24). The kinetics of these events are all 
approximately similar and do not give a clear indication of the mechanism 
involved in the described B&S experiment. 
MR Imaging 
To follow the development of irreversible late effects of radiation treatment on the 
rat spinal cord, we used MR imaging besides histology. Late radiation myelopathy 
appears histologically as demyelination, WM necrosis, nerve root necrosis, glial 
reaction and vascular changes. Neurological impairment and histological lesions 
concurrently and abruptly develop in rat spinal cord, after a dose dependent latent 
period of 3 to 7 months (25) and in humans ~ 1 year after radiotherapy (26). 
Chapter 5 and 6 describe the application of different functional MR imaging 
techniques in the period from 3 months after irradiation until neurological deficits 
were apparent. The measurements were performed at 7T and the animals were 
irradiated with a high dose (36 Gy) to 1 cm of the spinal cord. Special attention 
was given to the events in the period preceding paresis and the difference in 
radiation effects in WM and gray matter (GM).  
In Chapter 5, late radiation effects in the rat spinal cord were detected using 
MR imaging with ultra small particles of iron oxide (USPIO) contrast agent. The 
contrast agent was used as a blood pool agent to estimate blood spinal cord 
barrier breakdown and blood volume changes. In addition, the role of an 
inflammatory reaction was assessed by measuring macrophages that internalized 
USPIO. T2-weighted spin echo MR measurements were performed in 6 rats 
before paresis was expected (130-150 days post-irradiation, early group) and in 6 
paretic rats 150-190 days post-irradiation (late group). In all rats, the blood 
volume of GM was higher than in WM, but no differences between control and 
irradiated rats could be distinguished. In presence of edema in GM, lesions 
appeared in the images in GM and WM after administration of the contrast agent. 
If GM edema was absent in the early group, then the MR images showed focal 
regions in both GM and WM with contrast enhancement, while no abnormalities 
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 were distinguished in the T2 weighted images. Thus, the USPIO contrast 
administration provided an improved detection of early focal lesions. Forty hours 
after injection, additional lesions in WM, GM and nerve roots appeared in animals 
with GM edema. In the late paretic group, MR imaging showed WM necrosis 
adjacent to areas with large contrast enhancement. The extravasation of USPIO 
due to blood spinal cord barrier breakdown could be explained by two 
mechanisms with different kinetics. The first is a blood brain barrier breakdown, 
which causes USPIO particles to leak into the interstitial space (27) or to be 
internalized in endothelial cells (28). The second is extravasation of iron-loaded 
macrophages or monocytes (29, 30). The lesions observed within an hour after 
injection of contrast agent might be attributed to a disrupted blood brain barrier, 
since Dousset et. al. showed that the extravasation of iron-loaded macrophages 
failed to demonstrate abnormalities even after 4 to 6 hours (29). The MR lesions 
that appeared 40 hours after contrast administration might result from 
extravasation of iron-loaded macrophages. However, the lesions could also result 
from slow leakage through the BSCB, because the serum half-life time is 
approximately 4.5 hours (31) and the Perl’s staining, indicating iron, showed iron 
oxide particles in different cell types. 
In addition to the previous qualitative study, the development of radiation-
induced lesions was followed quantitatively by the semi-automatic analysis of the 
apparent diffusion coefficients (ADC) and T2 maps (chapter 6). The aim was to 
prospectively determine whether ADCs were more sensitive to radiation induced 
changes of the spinal cord than the T2 relaxation times. Shortly before 
neurological signs, the first radiation effects appeared as well-circumscribed 
regions with a low longitudinal ADC (ADC//) in WM that showed either normal or 
high T2 relaxation times. The lesions with high T2 values coincided with confluent 
necrosis in histology, while normal T2 values corresponded to focal necrosis and 
demyelination. The large necrotic regions showed an FA <0.1 which indicates that 
the anisotropy normally present in WM was replaced by isotropic diffusion of 
water. Lesions first noticeable only in the ADC// maps developed into lesions that 
were distinguishable in both the ADC// and T2 maps. This suggests that the 
confluent necrosis developed from the focal necrotic lesions. The low ADC// 
determined in necrotic WM lesions was unexpected, since necrotic regions are 
deficient in cells and not expected to show restricted diffusion. The most plausible 
explanation for the low ADC// in WM lesions seems to be that the viscosity in the 
necrotic lesions was high, probably caused by cell debris and the high lipid 
content of WM necrosis as is known from MRS studies (32). In GM, areas with 
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diffuse high T2 values were attributed to edema. Blood spinal cord breakdown is a 
common finding after irradiation of the spinal cord that appears early, directly after 
irradiation, and shortly before the onset of paralysis (33). However, in contrast to 
Li et al, GM edema was preceding WM alterations (34). The changes in T2 values 
in GM preceded the changes in T2 and ADC in WM. Thus, in WM, the longitudinal 
ADC was more sensitive for radiation damage than the T2 relaxation time, but in 
GM the T2 value was more sensitive. Edema in GM was the first sign of radiation-
induced effects, followed by the development of WM necrosis. The doses used 
were high and all animals were expected to develop WM necrosis. Therefore, it is 
not clear, if lower doses induce GM edema or if GM edema is correlated with the 
development of WM necrosis. The first signs of WM damage were only a few 
weeks before the first neurological signs became apparent. Neurological 
performance was assessed by simple motor performance tests as walking on a 
smooth surface, but the sensory function was not tested. Consequently, small 
lesions in afferent tracts that would result in sensory deficits would be missed and 
only motor deficits were scored. 
Both imaging studies show that MR imaging offers a technique that enables 
the detection of radiation lesions a few weeks before the onset of motor deficits. 
In the preceding period, no abnormalities were found apart from a very mild 
increased T2 in GM that was only found by quantitative analysis. In the clinical 
practice, differentiation between radiation necrosis and tumor recurrence remains 
an important but difficult diagnosis. The follow up of patients with a combination of 
T2 weighted MR imaging and the determination of ADC maps might be a valuable 
tool in the differential diagnosis that might be improved if 1H-MR spectroscopy is 
available (35). 
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Chapter 8 
Samenvatting 
Inleiding 
Het doel bij radiotherapie is het vernietigen van alle tumorcellen. Het is echter 
onvermijdelijk dat behalve de tumor ook omliggende weefsels schade oplopen. 
Sommige bijwerkingen treden acuut op, zoals een rode huid, haaruitval of pijnlijke 
slijmvliezen in de mond, keel of darmen. Ze verdwijnen meestal binnen een paar 
weken. Er zijn ook bijwerkingen die zich weken, maanden of zelfs jaren later pas 
manifesteren. Deze zijn vaak blijvend. Voorbeelden zijn kaalheid, een verkleurde 
huid, bloedingen in de dikke darm en een droge mond. Een zeer ernstige late 
bijwerkingen is verlamming door beschadiging van het ruggenmerg.  
Bij conventionele bestralingsmethoden is bekend onder welke 
omstandigheden het ruggenmerg beschadigd zou kunnen raken. Dit stelt grenzen 
aan de behandeling van de tumor, die meestal strikt toegepast worden waardoor 
deze bijwerking slechts zelden voorkomt. Bij nieuwe bestralingstechnieken zijn de 
effecten op het ruggenmerg minder goed bestudeerd. Te weinig kennis hierover 
zou kunnen leiden tot een te voorzichtige bestraling die de tumor niet optimaal 
bestrijdt. Het betreft twee technieken die de straling beter op de tumor richten en 
het omringende weefsel minder belasten: intensity modulated radiotherapy 
(IMRT) en stereotactische bestralingen (stereotactic radiosurgery, SRS). Deze 
technieken worden gebruikt in combinatie met moderne beeldtechnieken die de 
tumor goed localiseren: CT (computer tomography) en MRI (magnetic resonance 
imaging) gebruikt, waarbij MRI het voordeel heeft dat het weke delen duidelijk 
afbeeldt, terwijl CT een goed beeld van de botstructuren geeft. De omringende 
weefsels krijgen niet alleen een lagere stralingsdosis, maar de ontvangen dosis 
varieert ook sterk binnen het gezonde weefsel. Bestaande modellen die de 
schade aan de weefsels vooraf inschatten, kunnen hier niet goed mee omgaan. 
Een klein deel van het orgaan ontvangt een hoge dosis terwijl het overgrote deel 
een lage dosis ontvangt. De reactie van organen op inhomogene dosisverdeling 
en moet worden beschreven in mathematische modellen, normal tissue 
complication probabilty (NTCP) modellen. Deze zijn noodzakelijk voor het 
plannen van een optimale bestralingstherapie. De gegevens voor de NTCP 
modellen worden doorgaans verkregen uit klinische studies of uit dierproeven als 
te weinig klinische data beschikbaar zijn. Voor het bepalen van de functie van een 
orgaan, kunnen naast klinische parameters, zoals de motorische functies 
(ruggenmerg), speekselproductie (speekselklieren) en longfunctie, ook 
functionele beelden behulpzaam zijn. Hiervoor zijn geavanceerde 
afbeeldingtechnieken nodig zoals diffusie gewogen MRI, perfusie MRI, MR 
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spectroscopie en positron emissie tomografie (PET), die vergeleken worden met 
histologische weefselpreparaten. Deze afbeeldingtechnieken kunnen ook 
behulpzaam zijn bij het voorspellen van niet uniforme gevoeligheid voor straling 
van tumorgebieden en normale weefsels, zodat de dosis en de dosisverdeling 
tijdens de voorbereiding van de bestraling kan worden aangepast. Deze techniek 
wordt image guided radiotherapy (IGRT) genoemd. 
In dit proefschrift is de reactie van het ruggenmerg van de rat op bestraling 
beschreven in dosis-volume experimenten en met MR imaging. In dosis-volume 
experimenten wordt het verband tussen de tolerantie en het bestraalde volume 
bestudeerd wordt. Met MR imaging wordt de ontwikkeling van bestralingsschade 
vervolgd. Omdat complicaties in het ruggenmerg ernstige gevolgen hebben, zoals 
dwarslaesie, worden strikte dosislimieten voor het ruggenmerg aangehouden. 
Hierdoor zijn weinig klinische gegevens beschikbaar en zijn dierproeven nodig om 
de tolerantie van het ruggenmerg te bepalen. In hoofdstuk 2 en 3, wordt het effect 
van de dosisverdeling op de tolerantie van het ruggenmerg beschreven. In 
hoofdstuk 4, wordt naast de dosisverdeling ook gekeken naar effecten van een 
wachttijd tussen het bestralen van een groter veld met een kleine dosis en een 
klein veld. Daarnaast, is het ontstaan van radiatieschade in het ruggenmerg 
vervolgd met MRI in hoofdstuk 5 en 6, waarbij gebruik gemaakt is van 
ijzerhoudend contrastmiddel (ultra small particles of iron oxide, USPIO) en 
diffusie- en T2-gewogen MR imaging. 
Dosis-volume effecten 
De experimenten in hoofdstuk 2 en 3 laten beide zien hoe de bestralingstolerantie 
verandert met de dosisverdeling in het ruggenmerg en hoe dat beschreven kan 
worden met een NTCP model. In hoofdstuk 2, wordt een uniforme dosis op 
verschillende lengtes van het ruggenmerg gegeven. Hoofdstuk 3 beschrijft het 
effect van een inhomogene dosis op het ruggenmerg. Dieren die zowel 
krachtsverlies in de poten als necrose in de witte stof of de zenuwwortels lieten 
zien, werden beschouwd als responders. De resulterende dosis-response curven 
werden getest met NTCP modellen, waarbij getest werd of het gangbare seriële 
model voldeed. In dit model wordt ervan uitgegaan, dat één kleine beschadiging 
in het orgaan leidt tot verlies van functie van het hele orgaan. In het geval van het 
ruggenmerg betekent dit dat een kleine beschadiging in het ruggenmerg 
verlamming zou veroorzaken. 
In hoofdstuk 2, wordt de respons van het ruggenmerg dat bestraald wordt 
over vier lengtes (4, 1.5, 1.0 en 0.5 cm) met een enkele dosis besproken. De 
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dieren werden na de bestraling gecontroleerd op afgenomen kracht of 
verlamming in de achterpoten en het ruggenmerg van de dieren werd histologisch 
geïnspecteerd op het voorkomen van necrose in de witte stof. De bestraling van 
het kleinste veld laat een sterke toename van de tolerantie zien, terwijl de grotere 
veldlengtes een vergelijkbare gevoeligheid vertonen. Deze resultaten werden 
getest met verschillende NTCP modellen, die laten zien dat het Shirato model de 
beste beschrijving van de data laat zien. In het Shirato model wordt aangenomen 
dat migratie optreedt vanuit het omliggende weefsel, dat bijdraagt aan de 
verlaagde gevoeligheid voor straling. Andere geteste modellen werden verworpen 
op basis van statistische toetsing. Als het kleinste veld niet meegenomen wordt, 
dan voldoen de data wel aan het algemeen erkende seriële model en kunnen 
worden beschreven met het Schultheiss model, het relative seriality model en het 
critical element model. Deze resultaten hebben waarschijnlijk klinische implicatie 
voor stereotactische bestraling waarbij zeer kleine veldjes bestraald kunnen 
worden met een enkele dosis of in een paar fracties. 
Hoofdstuk 3 behandelt het volume-effect en de regionale verschillen in het 
ruggenmerg bij een niet homogene dosisverdeling. Deze situatie benadert de 
huidige klinische praktijk bij uitwendige radiotherapie beter. De non-uniforme 
dosisverdeling werd gecreëerd door inwendige bestraling waarbij katheters die 
over de wervelkolom ingebracht waren, geladen werden met een high dose rate 
(HDR) bron, die in enkele minuten de dosis leverde. De vorm van de 
dosisverdeling en de steilheid van de dosisgradiënt werd gevarieerd door één, 
twee of zes katheters te gebruiken. Ook hier werden de dieren neurologisch 
getest en het ruggenmerg histologische getest en na afloop van het experiment. 
De resultaten werden geanalyseerd met simpele en meer geavanceerde NTCP 
modellen. De beste fit werd gevonden voor de probit analyse van de D24, die staat 
voor de dosis die 24% van het volume ontvangen heeft gerekend vanaf de 
maximale dosis. Ook de fit van het veelgebruikte model van Lyman, Kutcher en 
Burman en het relative serialty model lieten een acceptabele fit zien. De 
volumeparameters lieten niet het beeld van zuiver serieel gedrag lieten zien, 
maar er waren wel seriële componenten aanwezig. In tegenstelling tot het 
experiment in het vorige hoofdstuk, is de toevoeging van migratie niet 
noodzakelijk om een acceptabel model te creëren, waarschijnlijk doordat de 
dosisgradiënt in de longitudinale richting vrij zwak is. De histologie in deze studie 
werd ook gecorreleerd aan de dosisverdeling, waardoor regionale verschillen 
binnen het ruggenmerg konden worden opgespoord. De dorsale (ED50=32.3 Gy) 
en laterale witte stof (ED50=33.7 Gy) bleek een lagere stralingsgevoeligheid te 
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hebben dan de dorsale (ED50=25.9 Gy) en ventrale zenuwwortels (ED50=24.1 
Gy). De verhoogde tolerantie van de dorsale en laterale witte stof ten opzichte 
van de grotere velden in hoofdstuk 2 suggereren dat hier spraken is van een 
volume-effect. Een andere opvallende observatie was dat de piramidebaan, die 
ligt in het centrale gedeelte van de dorsale witte stof, nooit necrose liet zien. 
Hoofdstuk 2 en 3 laten beide zien dat een grondige statistische analyse 
noodzakelijk is om te bepalen of een model aanvaardbaar is en om de modellen 
te rangschikken naar hoe goed ze door de data worden ondersteund. Bij externe 
bestralingen, in de dagelijkse klinische praktijk, is de traditionele hypothese van 
serieel gedrag van het ruggenmerg geldig. Bij stereotactische bestralingen zou 
een verhoogde tolerantie van het ruggenmerg een rol kunnen spelen, zoals 
beschreven in hoofdstuk 2. 
Een ander experiment waarin een inhomogene dosisverdeling is gebruikt, het 
zogenaamde ‘bath and shower’ (B&S) experiment, wordt beschreven in hoofdstuk 
4. In het B&S-experiment wordt een lage dosis in een groot veld (bad: 20 mm, 4 
Gy) gevolgd door een hoge dosis in een klein veld (douche: 4 mm, 26-43 Gy). In 
experimenten waarin bestralingen met protonen werden gebruikt, leidde dit tot 
een verlaging van de tolerantie vergeleken met een 4 mm veld. Anders gezegd, 
het volume-effect, dat wordt gekenmerkt door een verhoogde tolerantie die wordt 
gevonden in kleine velden, werd ten delen teniet gedaan door eerst een lage 
dosis op een omhullend veld te geven. Ondanks dat de penumbra’s met 
fotonenbundels breder zijn dan bij protonen, werd ook in de voorliggende studie 
een significant effect van de baddosis gevonden. De ED50 daalde van 48.7 Gy bij 
bestraling van uitsluitend het kleine veld naar 40.8 Gy bij een B&S-experiment. 
Vervolgens rees de vraag of dit sensitiserende effect verdwijnt als er een interval 
tussen de twee doses genomen wordt en of de snelheid van dit herstel lijkt op die 
gevonden in gefractioneerde experimenten en studies waarin lager dosistempo 
(LDR = low dose rate) toegepast werden. Drie verlengde tijdsintervallen werden 
toegepast, die resulteerden in een toegenomen ED50 van 44.4 Gy (3 uur) and 
44.8 Gy (12 uur) en een significante toename tot 51.9 Gy bij een interval van 24 
uur. Hieruit kan geconcludeerd worden dat het badeffect in ieder geval 12 uur 
aanhield en na 24 uur verdwenen was. Dit is duidelijk afwijkend van het herstel 
dat gezien wordt in gefractioneerde experimenten en studies met LDR, waar een 
volledig herstel verwacht wordt na 12 uur. Het is niet mogelijk om op basis van 
deze experimenten een aanwijzing te geven voor het moleculaire mechanisme 
van het B&S-effect of van het volume-effect. 
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MR imaging 
De ontwikkeling radiatieschade in het ruggenmerg werd vervolgd met MR 
imaging, dat uiteindelijk met de histologie van het ruggenmerg werd vergeleken. 
Late schade veroorzaakt door bestraling uit zich histologisch als demyelinisatie, 
necrose van de witte stof of de zenuwwortels, gliosis en vaatschade. 
Neurologische beschadiging en histologische schade ontstaan abrupt na een 
latente periode van 3 tot 7 maanden in ratten en bij mensen na ongeveer 1 jaar. 
De latente periode is afhankelijk van de dosis die gegeven is. In hoofdstuk 5 en 6, 
wordt het ontstaan van de schade vervolgd met functionele MRI van 3 maanden 
na bestraling totdat er schade is ontstaan. De metingen werden uitgevoerd bij 7T 
en 1 cm van het ruggenmerg was bestraald met een hoge dosis van 36 Gy. De 
nadruk in het onderzoek lag op veranderingen in de periode voorafgaand aan de 
neurologische symptomen en het verschil in de reactie van grijze en witte stof. 
Hoofdstuk 5 beschrijft de meting van bestralingseffecten met behulp van het 
ijzerhoudend contrastmiddel USPIO. Het contrastmiddel werd gebruikt om de 
verandering in bloedvolume en in permeabiliteit door het verdwijnen van de 
bloedhersenbarrière te kunnen beoordelen. In zes ratten, werden T2-gewogen 
MRI opnamen gemaakt in de periode voordat werd verwacht dat ze verlamd 
waren (130-150 dagen na bestraling) en bij zes nadat ze verlamd waren 
geworden (150-170 dagen na bestraling). Het bloedvolume in de grijze stof bleek 
in alle dieren hoger te zijn dan in de witte stof. Geen verschil werd gevonden 
tussen bestraalde en niet bestraalde dieren. Bij aanwezigheid van oedeem in de 
grijze stof, ontstonden na toediening van contrastmiddel laesies van zowel grijze 
als witte stof in de MRI beelden. Als er echter geen oedeem in de grijze stof 
aanwezig was, dan waren deze laesies klein, terwijl in de T2-gewogen scan geen 
effecten te zien waren. Dit betekent dat de eerste tekenen van radiatieschade 
eerder met MRI aangetoond kunnen worden als USPIO-contrastmiddel wordt 
gebruikt. Daarnaast werd de rol van een inflammatoire reactie in het ontstaan van 
radiatieschade beoordeeld door MRI-metingen uit te voeren nadat macrofagen de 
gelegenheid gegeven was USPIO op te nemen. Indien oedeem was aangetoond 
in de grijze stof, dan werden additionele laesies gevonden in zowel de grijze als 
de witte stof en in de zenuwwortels, 40 uur na injectie van het contrastmiddel. 
Daarnaast werd in de late groep met uitgebreide verlammingen aankleuring 
gezien in gebieden die grenzen aan necrotische gebieden. Of dit het gevolg is 
van lekkage van ijzerdeeltjes uit de bloedvaten door de verhoogde permeabiliteit 
is of door het uittreden van macrofagen die ijzerdeeltjes hadden opgenomen, is 
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onduidelijk. De histologische kleuring waarmee ijzer kan worden aangetoond, liet 
naast macrofagen ook andere cellen zien die USPIO opgenomen hebben.  
Naast de vorige kwalitatieve studie werd ook een kwantitatieve studie 
uitgevoerd, waarbij de diffusie van water (ADC = apparent diffusion coefficient) en 
T2-relaxatietijd werd bepaald. Dit wordt beschreven in hoofdstuk 6. Het doel was 
om prospectief te bepalen of ADCs gevoeliger zijn voor de veranderingen die 
optreden bij radiatieschade in het ruggenmerg dan T2-relaxatietijden. Kort voordat 
de eerste neurologische verschijnselen optraden, werden scherp begrensde 
gebieden in de witte stof gevonden met een verlaagde longitudinale ADC (ADC//). 
In deze regio’s werd ofwel een normale T2-waarde gevonden of een verhoogde. 
Histologie toonde aan dat gebieden met een hoge T2-relaxtietijd en lage ADC// 
necrotisch waren. De combinatie met een normale T2-waarde werd gevonden in 
gebieden met minieme necrose en demyelinisatie. Grote necrotische gebieden 
lieten een fractionele anisotropie < 0.1 zien. Dit betekent dat de anisotropie die 
normaliter gevonden wordt in witte stof vervangen was door isotrope diffusie van 
water. Laesie die eerst alleen in ADC//-plaatjes te zien waren ontwikkelden later 
ook verhoogde T2-waarden. Dit duidt erop dat de zeer kleine necrotische 
gebieden samenvloeien tot een grotere necrotische regio. In deze grotere 
necrotische regio’s werd een lage ADC gevonden, terwijl er weinig barrières voor 
het diffunderende water aanwezig zijn. Dat er toch een lage ADC werd gevonden, 
kan worden verklaard door een hoge viscositeit in de necrose, veroorzaakt door 
de aanwezigheid van overblijfselen van afgebroken cellen en vet. In de grijze stof 
waren de eerste veranderingen gekenmerkt door een verhoogde T2-relaxatietijd. 
Dit werd toegeschreven aan diffuus oedeem, dat waarschijnlijk veroorzaakt werd 
door verstoring van de bloedhersenbarrière. Het oedeem in de grijze stof met zijn 
verhoogde T2-waarde was iets eerder te meten dan de verlaagde ADC// in de 
witte stof. Het is echter onduidelijk of er een verband bestaat tussen het ontstaan 
van de schade in de grijze stof en in de witte stof. De schade in de witte stof, die 
de neurologische symptomen veroorzaakt, gaat slechts enkele weken vooraf aan 
de motorische gebreken. 
Beide imaging studies laten zien dat structurele veranderingen die met MRI 
kunnen worden afgebeeld zich slechts enkele weken voor de openbaring van 
neurologische symptomen manifesteren. 
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